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Abstract
The control of AC machine drives is a continuously advancing subject sat-
isfying increasing high performance applications demands. Induction Motor
(IM) drives with cage-type machines has been the workhorses of industrial
variable speed drives applications, including pumps and fans, paper and tex-
tile mills, electric vehicles, locomotive propulsion, wind generation systems,
etc. In addition to performance requirements, energy saving aspects of vari-
able speed drives is gaining attention nowadays.
Permanent Magnet Synchronous Machines (PMSM) are becoming a very
attractive alternative to IM. They are generally more expensive than IM.
However, among other advantages, these type of machines offer higher effi-
ciency, high power density and very fast dynamic performance. Permanent
magnet machines, in particular in the low power range, are already widely
used in industry and recently, the interest in their application is growing,
particularly up to 100 kW [1].
Variable speed drives fed by voltage source inverters has been traditionally
employed in industrial applications. In the past few years, matrix converters
have emerged to become a close competitor to the conventional inverter [2].
A matrix converter is an advanced circuit topology capable of converting
AC-AC, providing generation of load voltage with arbitrary amplitude and
frequency, bi-directional power flow, sinusoidal input/output waveforms [3],
and operation under unity input power factor. Furthermore, since no induc-
tive or capacitive elements are required, MC allows a very compact design
[3], [4].
xiii
xiv Abstract
There are several methods to control AC machines, vector control meth-
ods being the most suitable for high performance demands. Among others,
field oriented control [5], [6] and direct torque control [7] are the most widely
used.
Although being one of the emerging control techniques for industrial ap-
plications, the direct torque control has some inherent drawbacks that are
still being investigated by researchers.
The work reported in this thesis is devoted to the investigation of direct
torque control of permanent magnet synchronous machine drives fed by ma-
trix converters.
This work considers the replacement of the conventional voltage source in-
verter by a matrix converter. The features of matrix converters are exploited
to reduce the inherent electromagnetic torque and stator flux ripples arising
from the direct torque control driving a permanent magnet synchronous ma-
chine. A new direct torque control using small and large voltage vectors of
matrix converters has been developed during the course of this work.
The undesirable effects of the common mode voltage related with the
utilization of the conventional voltage source inverter, like electromagnetic
interferences and the machine early failures, are other issues with which this
work is also concerned. A very simple algorithm to reduce the common mode
voltage in direct torque control drives using matrix converters is developed
and investigated in this work.
The main limitation of all sensorless vector control schemes, based on the
conventional fundamental frequency models or observers, is that they fail at
very low speeds. The desirability to operate continuously at low or zero speed
has led to another sensorless approaches where the saliency of the machine
is tracked through some form of signal injection to obtain flux or position
xv
information. A new algorithm to inject a rotating vector in the α− β frame
when employing a direct torque control has been developed in this thesis.

Nomenclature
α α-axis in the stationary reference frame
β β-axis in the stationary reference frame
∆Ls variation of the stator inductance H
Tˆ errore relative error of the torque mean value Nm
xˆ mean value of a generic variable x
γˆs estimated value of the stator flux angle rad
ψˆsα estimated value of the α stator flux component Wb
ψˆsβ estimated value of the β stator flux component Wb
ωe stator electrical or synchronous speed rad/s
ωi injection pulsation rad/s
ωr electrical rotor speed rad/s
ωs slip speed rad/s
φi input angle displacement rad
φo output angle displacement rad
ψmα α magnetizing flux component Wb
ψrα α rotor flux component Wb
ψmβ β magnetizing flux component Wb
xvii
xviii Nomenclature
ψrβ β rotor flux component Wb
ψsa stator flux of phase a Wb
ψsb stator flux of phase b Wb
ψsc stator flux of phase c Wb
ψmd magnetizing flux d-axis component Wb
ψrd rotor flux d-axis component Wb
ψsd stator flux d-axis component Wb
ψmq magnetizing flux q-axis component Wb
ψrq rotor flux q-axis component Wb
ψsq stator flux q-axis component Wb
ψsα α stator flux component Wb
ψsβ β stator flux component Wb
ψPM permanent magnet flux Wb
σx standard deviation of a generic variable x
τr rotor time constant s
θr rotor angle (position) rad
ϕ voltage or current displacement angle rad
~ψm magnetizing flux vector Wb
~ψs stator flux vector Wb
~is stator current vector A
~ii low frequency component of the MC input current vector A
~io MC output current vector A
Nomenclature xix
~v stator voltage space vector V
~v∗ reference voltage vector V
~vi MC input voltage vector V
~vo low frequency component of the MC output voltage vector V
~sw average number of switching events due to zero vectors selection
Cf filter capacitance F
d d-axis in the rotating reference frame
fi injection frequency Hz
iA phase A MC input current A
ia phase a MC output current A
isa stator current of phase a A
iB phase B MC input current A
ib phase b MC output current A
isb stator current of phase b A
iC phase C MC input current A
ic phase c MC output current A
isc stator current of phase c A
ird rotor current d-axis component A
isd stator current d-axis component A
Ih distortion component of current I A
irq rotor current q-axis component A
isq stator current q-axis component A
xx Nomenclature
isα α stator current component A
isβ β stator current component A
isdn high frequency negative sequence current d−axis component (position
signal) A
isdp high frequency positive sequence current d− axis component A
isiα high frequency position current α component A
isiβ high frequency position current β component A
isqn high frequency negative sequence current q−axis component (position
signal A
isqp high frequency positive sequence current q − axis component A
J moment of inertia Kgm2
k injection voltage repetition rate
La inductance value of phase a H
Lb inductance value of phase b H
Lc inductance value of phase c H
Lsd d-axis stator inductance H
Lf filter inductance H
Lrl rotor leakage inductance H
Lsl stator leakage inductance H
Lm magnetizing inductance H
Lsq q-axis stator inductance H
Lr rotor inductance H
Ls stator inductance H
Nomenclature xxi
Ldm d-axis magnetizing inductance H
M transfer matrix of the MC
mc current modulation index
mv voltage modulation index
Mab mutual inductance value between phases ab H
Mbc mutual inductance value between phases bc H
Mca mutual inductance value between phases ca H
mij(t) duty ratio of switch Sij connecting input phase i to output phase j
p number of pole pairs
q q-axis in the rotating reference frame
Rf filter resistance Ω
Rr Rotor resistance Ω
Rs stator resistance Ω
swevent number of switching events per second
Te electromagnetic torque Nm
ti injection time s
TL load torque Nm
Ts sampling time s
V i magnitude of the injected voltage vector V
vA phase A MC input voltage V
vsa stator voltage of phase a V
vB phase B MC input voltage V
xxii Nomenclature
vsb stator voltage of phase b V
vC phase C MC input voltage V
vsc stator voltage of phase c V
vrd rotor voltage d-axis component V
vsd stator voltage d-axis component V
vrq rotor voltage q-axis component V
vsq stator voltage q-axis component V
vsα α stator voltage components V
vsβ β stator voltage components V
vab voltage between phases a and b V
vaN voltage of phase a respect to the neutral point V
vbc voltage between phases b and c V
vbN voltage of phase b respect to the neutral point V
vca voltage between phases c and a V
vcm common mode voltge V
vacm common mode voltage for active vectors V
vzcm common mode voltage for null vectors V
vcN voltage of phase c respect to the neutral point V
vDC voltage of the DC link V
vsiα high frequency injected voltage α component V
vsiβ high frequency injected voltage β component V
Vpn fictitious DC-link voltage V
zvevent number of zero vectors events per second
Chapter 1
Introduction
1.1 Background
Despite electric and magnetic effects appearing in the nature have been ob-
served by human beings since antiquity, it was not until the middle of the
eighteenth century, that speculations about the link between electricity and
magnetism was a favorite pursuit. At the beginning of the nineteenth century
many researchers attempted to establish such connection. The main break-
through is attributed to the discovery of the magnetic effect of an electric
current by Hans Christian Oersted (1777-1851). An account of this signifi-
cant discovery was published in 1820 [8]. One year later, Michael Faraday
(1791-1867) set up an experiment demonstrating for the first time the possi-
bility of converting electric current into continuous mechanical motion. The
experiment is considered to be the first DC motor. Faraday went on to dis-
cover the electromagnetic induction in 1831 [8], however, it was Walter Bai-
ley who demonstrated, in 1879, the possibility of producing a magnetic field
without the aid of mechanical motion. Nikola Tesla (1856-1943), patented
the principles for the design and operation of AC motors on 1st May, 1888.
George Westinghouse bought Tesla’s patents and employed him to produce
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the first practical IM in 1892 [8]. Since then, AC machines, especially the
IM, have been widely used in industry [9] except for variable speed appli-
cation. Before 1950s, DC machines were extensively used in variable speed
applications since AC machines were not capable of varying speed smoothly
[8]. In particular, DC machines with separated excitation were preferred for
applications with fast response and four quadrant operation requirements,
since their flux and torque could be easily controlled by the field and arma-
ture currents [1]. However, due to the existence of mechanical commutators
(brushes), DC machines have several disadvantages. Concretely, they cannot
be used in explosive or corrosive environments and require periodic mainte-
nance. Moreover, the brushes in this type of machines limit the speed and
current [1], [10].
These problems can be overcome by the substitution of DC machines by
AC machines, which have a simple and rugged structure, do not need main-
tenance and are more economic than the former. Furthermore, for the same
output power, AC machines can be designed with smaller dimensions, lower
weight and lower rotating mass.
Recently, the awareness of environmental problems worldwide have shown
great interest in developing high efficient motor technologies and their appli-
cations. Electrical energy saving programs have become a very important
issue in realizing a sustainable society. At present, more than 50% of all
the electrical energy produced in Japan is converted to mechanical energy by
means of electrical motors. Improving the efficiency of each electrical motor
by just 1%, could eliminate the need for a nuclear plant of approximately 500
MW [11].
PMSM has become, in recent years, a suitable candidate to face energy
saving issues. The invention of high performance magnets like samarium
cobalt and neodymium-iron-boron, have made possible to achieve motor per-
formance that can surpass IMs. Because PMSMs do not require the use of
extra current to produce magnetic power in the rotor, the conduction losses
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are concentrated in the stator where they can be easily dissipated. This fact,
essentially contributes to improve the efficiency compared to IMs. Moreover,
eliminating cooper in the rotor allows the design of machines with smaller
rotor diameters, actually resulting in smaller machine size, with higher power
density and lower rotor inertia than IMs.
Controlling an AC machine is significantly more complicated than its
DC counterpart, however, thanks to the rapid and continuous evolution in
the power electronics field and microelectronics devices, these control com-
plexities have been overcome and many efforts have been made towards the
research and development of different variable speed drives employing AC
machines.
Among all control methods for AC machines, due to its simplicity, the
most widely used in industrial applications was and still is the v/f control.
The v/f control is a scalar control which consists in maintaining a constant
relation between the terminal voltage and its frequency. Its structure is very
simple and, usually, works without speed feedback. However, the v/f control
cannot achieve good dynamic performance neither in speed nor torque.
Despite the fact that v/f control is the most widespread, being in the
majority of industrial applications, the industry demand of high performance
drive systems increases very fast. Vector control techniques allow the control
of not only the magnitude but also the phase of the voltage, current, and flux
space vectors, which further significantly improves the dynamic performance
in both speed and torque, even at stand still. The most important contribu-
tion in this field was the Field Oriented Control (FOC) proposed by Hasse
[6] and Blaschke [5] in 1972. However, its main disadvantages are the huge
computational capability required and the compulsory good identification of
the machine parameters [10].
In the mid eighties, a new control method was presented by Takahashi [7],
known as Direct Torque Control (DTC). Since ABB launched the first known
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commercial DTC drive1 in 1995, these type of drives are very popular due
to their simple structure and robustness. The decoupling of stator flux and
electromagnetic torque employing nonlinear coordinates transformation and
PI controllers is replaced with hysteresis controllers yielding very fast torque
response. This control method allows the direct control of both stator flux
and electromagnetic torque. Further investigation is, however, required to
improve the drive performance and better behavior regarding Electro Mag-
netic Interferences (EMI).
The main features of DTC are:
• Direct control of both stator flux linkage and electromagnetic torque
by selecting the optimum power converter vectors.
• Indirect control of currents (approximately sinusoidal) and voltages.
• High dynamic performance even at stand still.
• The inverter switching frequency depends on the widths of both flux
and torque hysteresis bands.
DTC main advantages are:
• Absence of coordinate transform.
• Absence of separated voltage modulator block.
• Absence of current PID controllers.
• Minimal torque response time.
However, some disadvantages are also present such as:
• Possible problems during starting.
1Although the first commercial drive was developed in Japan, it was not a success,
hence, the ABB ACS600 developed in Finland is considered the first commercial applica-
tion.
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• Requirement of torque and flux estimators2.
• Varying switching frequency.
• Inherent torque and stator flux ripple.
Some approaches have been recently published using 3-level converters
in order to increase the number of available vectors in a DTC scheme [12],
[13]. The stator flux and electromagnetic torque hysteresis comparators are
modified increasing the respective error levels achieving better performance
regarding the torque and flux ripple.
Another alternative to conventional Voltage Source Inverters (VSI ) is the
Matrix Converter (MC ). The MC is an advanced circuit topology capable of
directly converting AC-AC. Among different advantages, controllable input
power factor and a very compact design are the most relevant advantages of
such converters. In 2001 a new DTC using MC was introduced by D. Casadei
[2], which gives similar performance to that obtained by a conventional VSI
while is able to maintain the input power factor close to one. The authors
claim that this DTC scheme gives good performance in the high speed range
but no investigation have been made to determine how the limit of the vol-
tage transfer ratio3 is affected [14].
In recent years, great efforts have been made to introduce sensorless AC
drives. Sensorless AC drives is a generic term defining AC drives operating
without a speed or shaft position sensor. These type of drives are of huge
commercial significance and have become a norm for industry, being intro-
duced by almost every large manufacturer (Control Techniques plc, Siemens,
Hitachi, Yaskawa, Eurotherm, etc.) [10]. However, sensorless AC drives are
gaining popularity in all industry applications except for those requiring servo
performance or sustained zero/low frequency operation. This is due to the
2Torque and flux estimators or observers are also required by other vector control
techniques.
3The voltage transfer ratio corresponds to the relation between the output and input
voltage Vout/vin of the matrix converter.
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main feature of almost all these industrial drives; their performance deterio-
rates at low and zero frequency due to the loss of information as the induced
back emf becomes very small.
One method to overcome this limitation is to inject a high frequency (hf
) test signal on the fundamental excitation. Due to asymmetries of the ma-
chine, the resulting hf currents are modulated by variations in the reluctance.
In the case of Surface Mounted PMSM (SM-PMSM), these variations arises
from the saturation of the main flux path [15]. Hence, for SM-PMSM, knowl-
edge of the main rotor flux position yields rotor position. However, sensorless
techniques based on the injection hf test signals seems to be limited to FOC
schemes.
The classical DTC also lends itself easily to sensorless control through the
flux model estimator [10], but as other sensorless control schemes based on
conventional fundamental frequency models or observer, fulfill the demand in
the higher speed range but have been shown to give poor and asymptotically
failing performance as zero speed is approached.
1.2 Objectives and Scope of the Thesis
This thesis deals with the development of a new DTC for PMSM fed by MCs.
The advantages of the MC are combined with those of the DTC to drive a
PMSM.
The main motivation behind this work is that while a number of schemes
replacing the conventional VSI by a MC to drive AC machines have been
reported in the literature, the potential of the latest has not been completely
exploited to improve the DTC performance. Another significant motivation
arises from the fact that, although a huge amount of research publications
in the field of sensorless control in the low speed region are still appearing
every year, almost all of them are devoted to FOC schemes and no approach
for DTC drives have been yet reported in the literature.
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The principal objective of this work is to investigate the characteristics of
the MC that can be exploited to improve the conventional DTC performance.
In addition to the capability of controlling the input power factor, a new
technique to reduce the electromagnetic torque and stator flux ripples is
investigated in this thesis.
Another objective of this thesis is to investigate a very simple method to
reduce the common mode voltage at the output of the MC.
Finally, this work investigates the extension of a high frequency injection
technique to DTC drives in order to overcome the limitations of model based
sensorless techniques normally employed in DTC sensorless drives.
1.3 Structure of the Thesis
This thesis is organized as follows:
Chapter 2 starts with a brief review of the dynamic equations of both IM
and PMSM.
The most relevant control methods are briefly described giving special atten-
tion to the DTC scheme.
The remainder of the chapter gives a state of the art review of model based
and non-model based sensorless techniques.
Chapter 3 describes the conventional VSI topology and the most relevant
modulation techniques.
The MC topology and the related modulation techniques are then examined.
The bidirectional switches commutation techniques are reviewed.
Chapter 4 is devoted to describe the conventional DTC fed by a VSI for
both IM and PMSM pointing out the advantages and disadvantages of this
control method. The conventional DTC driving an IM is firstly analyzed
by means of simulation and experimental tests. Due to lack of permanent
magnets, the use of an IM allows to study the operation principles of the
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conventional DTC without danger of demagnetization. Once the DTC al-
gorithm has been tested driving an IM, the DTC performance is analyzed
driving a PMSM.
Chapter 5 describes the DTC using a MC proposed in [2] driving an
IM. The same control method is then implemented and analyzed driving a
PMSM. The use of small voltage vectors4 of the MC is investigated in order
to reduce the electromagnetic torque and stator flux ripples.
Chapter 6 analyzes the common mode voltage present at the output of
the MC. The advantages of having three different null vectors in such conver-
ters are exploited developing a very simple algorithm to reduce the common
mode voltage in DTC drives.
Chapter 7 starts examining the nature of the saliencies in a SM-PMSM
which can be exploited to estimate the rotor or flux position. The α− β
frame persistent high frequency rotating carrier injection technique and a
demodulation scheme are then reviewed. Finally, a new high frequency injec-
tion technique, based on the α− β frame persistent high frequency rotating
carrier injection one, is developed to be employed with DTC drives.
Chapter 8 concludes the thesis describing what has been achieved. Inves-
tigation of other injection techniques is also recommended to follow up the
work presented in this thesis.
4The term small voltage vectors refers to vectors of MC with smaller amplitude that
those normally used.
Chapter 2
Modelling and Control of AC
Machines
2.1 Introduction
This chapter covers the mathematical models required for the control of AC
machines. The equivalent two-phase machine and the axes transformation to
the stationary (α− β ) and the synchronous (d-q ) reference frames are first
derived. Both, Induction Machine (IM) and Synchronous Machine (SM) dy-
namic models are presented. The equivalent circuits of the dynamic models
are also reviewed.
The requirements of an electrical drive will depend on its application. To
satisfy these requirements, there are several ways to control the drive. The
most common control methods v/f , Field Oriented Control (FOC) and Di-
rect Torque Control (DTC) are briefly introduced. The open loop scalar v/f
control is suitable for low dynamic requirements. FOC allows precise torque
control and fast dynamic performance but at the cost of a speed/position
sensor and high computing demand. On the other hand, DTC has become a
9
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good alternative providing similar performance with a simpler scheme.
Since the presence of speed/position sensors increases the cost of the drive
and decreases its reliability, there has been considerable interest for the devel-
opment of sensorless drives. A short review of sensorless control is presented
pointing out the problems, at low speed, of methods based on the machine
model.
2.2 AC Machine Modelling
In order to understand and design vector controlled drives1, a dynamic model
of the machine under control is mandatory. The dynamic model can be just
a good approximation of the real plant. Moreover, the model must incorpo-
rate all important effects occurring during both steady-state and transient
operation. For simplicity, the machines considered here are analyzed under
the following assumptions:
• Symmetrical two-pole, three-phase windings.
• The slotting effects are neglected.
• The permeability of the iron parts is infinite.
• The flux density is radial in the air gap.
• Iron losses are neglected.
• The stator and the rotor windings are simplified as a single, multi-turn
full pitch coil situated on the two sides of the air gap.
2.2.1 Induction Machine
Among all types of AC machines, the IM, particularly the cage type, is the
most commonly used in industry. These type of machines are economical,
rugged and reliable. Low-power machines are available in single phase, but
1a brief review of different control methods is given in section 2.3 of the present chapter.
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three-phase machines are frequently used in variable speed drives. The funda-
mental principles of an IM is the creation of a rotating sinusoidal distributed
magnetic field in the air gap. It can be shown that, in an idealized machine
as the one shown in Fig. 2.1, a balanced sinusoidal three-phase power supply
in the three-phase stator windings creates a magnetic field that rotates at the
synchronous speed ωe .
Figure 2.1: Three-phase, two-pole induction machine.
At stand still, the conductors of the rotor will be subjected to a sweeping
magnetic field, inducing currents in the short-circuited rotor at the same
frequency, yielding in torque production due to the interaction of the air gap
flux and the rotor magnetomotive force (mmf ). If the rotor rotates at the
synchronous speed ωe , no current can be induced in it, and therefore, no
torque is produced. At any other speed ωr (rotor electrical speed), and due
to the difference between speeds ωe -ωr , called slip speed ωs, currents are
induced in the rotor and torque is then developed.
Instantaneous voltage equations of an IM
The instantaneous stator voltage equations of an IM in a stationary reference
frame fixed to the stator, are written as follows:
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vsa = Rsi
s
a +
d
dt
ψsa (2.1)
vsb = Rsi
s
b +
d
dt
ψsb (2.2)
vsc = Rsi
s
c +
d
dt
ψsc (2.3)
where ψsa, ψ
s
b and ψ
s
c are the linkage flux of stator phase a, b and c respec-
tively, isa, i
s
b and i
s
c are the corresponding phase currents and Rs is the stator
phase resistor.
In a similar way, the instantaneous rotor voltage equations in a stationary
reference frame fixed to the rotor, can be expressed as:
vra = Rri
r
a +
d
dt
ψra (2.4)
vrb = Rsi
r
b +
d
dt
ψrb (2.5)
vrc = Rsi
r
c +
d
dt
ψrc (2.6)
Equivalent two-phase Machine
The dynamic performance of an IM is somewhat complex because the three-
phase rotor windings are in motion with respect to the three-phase stator
windings. Basically, it can be looked on as a transformer with a moving sec-
ondary, where the coupling coefficients between the rotor and stator phases
changes continuously as a function of the rotor position θr .
The model can be described by differential equations with time-varying
mutual inductances, but such a model tends to be very complex. Note that a
three-phase machine can be represented by an equivalent two-phase (Clarke
transformation) machine as shown in Fig. 2.2 (b), where αs−βs corresponds
to the stator direct and quadrature axes, and αr−βr corresponds to the rotor
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Figure 2.2: Machine transformation. (a) Three-phase machine. (b) Equiva-
lent two-phase machine.
direct and quadrature axes. However, the problem of time-variant parameters
still remains. In 1920, R. H. Park proposed a new theory of electric machine in
order to solve this problem. He transformed, or referred, the stator variables
to a synchronous rotating frame fixed to the rotor. With this transformation
(Park’s transformation), he showed that all time-varying inductances that
occurs due to an electric circuit in relative motion and electric circuits with
varying magnetic reluctance can be eliminated [1].
Axes Transformation
The variables of a three-phase machine can be transformed into the fictitious
equivalent two-phase values by means of Clarke transformation as shown in
(2.7). The inverse transformation can be written as in (2.8).

α
β
0
 = c ·

cos θ cos (θ − 2pi
3
) cos (θ + 2pi
3
)
− sin θ − sin (θ − 2pi
3
) sin (θ + 2pi
3
)
1√
2
1√
2
1√
2
 ·

a
b
c
 (2.7)
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
a
b
c
 = c ·

cos θ − sin θ 1√
2
cos (θ − 2pi
3
) − sin (θ − 2pi
3
) 1√
2
cos (θ + 2pi
3
) − sin (θ + 2pi
3
) 1√
2
 ·

α
β
0
 (2.8)
Where ”c” is a constant that can take either the values 2
3
, for the so-
called non-power invariant form, or
√
2
3
for the power-invariant form. It is
convenient to set θ = 0, so that the α-axis is aligned with the a magnetic axis.
Figure 2.3: Stationary reference frame (α− β ) to synchronous rotating frame
(d-q ) transformation.
The Park’s transformation from the stationary reference frame α− β to
a d-q frame rotating at a generic speed ω, and its inverse can be derived from
Fig. 2.3 and written in the matrix form as,[
α
β
]
=
[
cos θ − sin θ
sin θ cos θ
]
·
[
d
q
]
(2.9)
[
d
q
]
=
[
cos θ sin θ
− sin θ cos θ
]
·
[
α
β
]
(2.10)
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Dynamic Model in the Stationary Reference Frame
The dynamic model in the stationary reference α− β frame can be easily
derived by applying the axes transformation described in (2.7) to the voltage
equations (2.1), (2.2) and (2.3) for the stator and (2.4), (2.5) and (2.6) for the
rotor respectively. The machine voltage equations in the stationary reference
α− β frame are given as:
vsα = Rsi
s
α +
d
dt
ψsα (2.11)
vsβ = Rsi
s
β +
d
dt
ψsβ (2.12)
vrα = Rri
r
α +
d
dt
ψrα − ωrψrβ (2.24)
vrβ = Rri
r
β +
d
dt
ψrβ + ωrψ
r
α (2.25)
where vrα = v
r
β = 0.
The corresponding equivalent circuits in the stationary α− β frame are
represented in Fig. 2.4. Note that, in steady state, the variables appear as
sine waves with sinusoidal inputs.
From Fig. 2.4, the flux linkage expressions can be derived as follows:
ψsα = L
s
l i
s
α + Lm(i
s
α + i
r
α) (2.26)
ψrα = L
r
l i
r
α + Lm(i
s
α + i
r
α) (2.27)
ψmα = Lm(i
s
α + i
r
α) (2.28)
ψsβ = L
s
l i
s
β + Lm(i
s
β + i
r
β) (2.29)
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Figure 2.4: Dynamic α− β model equivalent circuit of an induction machine.
(a) α-axis circuit. (b) β-axis circuit.
ψrβ = L
r
l i
r
β + Lm(i
s
β + i
r
β) (2.30)
ψmβ = Lm(i
s
β + i
r
β) (2.31)
where Lm is the magnetizing inductance and, L
s
l and L
r
l are the stator
and rotor leakage inductances respectively.
Combining the above expressions with the stator and rotor voltage equa-
tions (2.1) through (2.6), the following matrix equation can be derived:
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
vsα
vsβ
vrα
vrβ
 =

Rs + sLs 0 sLm 0
0 Rs + sLs 0 sLm
sLm −ωrLm Rr + sLr −ωrLr
ωrLm sLm ωrLr Rr + sLr
 ·

isα
isβ
irα
irβ
 (2.32)
where s is the Laplace operator.
Dynamic Model in the Synchronous Rotating Frame
For the two-phase machine shown in Fig. 2.2(b), we need to represent both
αr − βr and αs − βs circuits and their variables in the synchronous rotating
frame d-q . The α− β components of the stator voltage, given in (2.11) and
(2.12), can be transformed to the synchronous rotating d-q frame applying
(2.10). The stator voltage equations in the d-q frame can be written as:
vsd = Rsi
s
d +
d
dt
ψsd − ωeψsq (2.33)
vsq = Rsi
s
q +
d
dt
ψsq + ωeψ
s
d (2.34)
The last term in (2.33) and (2.34) is defined as the back Electro-Magnetic
Force emfwhich depends on the speed ωe due to the rotation of the axes, thus
when ωe = 0, the equations revert to stationary form. At stand still, that is,
ωr = 0, the rotor equations will be very similar to the stator equations (2.33)
and (2.34):
vrd = Rri
r
d +
d
dt
ψrd − ωeψrq (2.35)
vrq = Rri
r
q +
d
dt
ψrq + ωeψ
r
d (2.36)
where all the variables and parameters are referred to the stator. Since
the rotor is moving at ωr , the axes fixed to the rotor are rotating at a speed
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ωs = ωe − ωr relative to the synchronous rotating d-q frame. Therefore, in
d-q frame, the rotor equations should be modified as
vrd = Rri
r
d +
d
dt
ψrd − (ωe − ωr)ψrq (2.37)
vrq = Rri
r
q +
d
dt
ψrq + (ωe − ωr)ψrd (2.38)
The dynamic d-q model equivalent circuits that satisfy equations (2.33)
through (2.38) are presented in Fig. 2.5. Note that for a singly-fed machine,
such as a cage-type motor, vrd = v
r
q = 0. The advantage of the dynamic d-q
model is that all sinusoidal variables in the stationary α− β frame appear as
constant quantities in the synchronous rotating d-q frame.
From Fig. 2.5, the flux-linkage expressions can be derived as follows:
Figure 2.5: Dynamic d-q model equivalent circuit of an induction machine.
(a) d-axis circuit. (b) q-axis circuit.
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ψsd = L
s
l i
s
d + Lm(i
s
d + i
r
d) (2.39)
ψrd = L
r
l i
r
d + Lm(i
s
d + i
r
d) (2.40)
ψmd = Lm(i
s
d + i
r
d) (2.41)
ψsq = L
s
l i
s
q + Lm(i
s
q + i
r
q) (2.42)
ψrq = L
r
l i
r
q + Lm(i
s
q + i
r
q) (2.43)
ψmq = Lm(i
s
q + i
r
q) (2.44)
where Lm is the magnetizing inductance and, L
s
l and L
r
l are the stator
and rotor leakage inductances respectively.
The above equations can be combined with the stator and rotor equations,
(2.33), (2.34), (2.35) and (2.36), to obtain the following matrix equation:

vsd
vsq
vrd
vrq
 =

Rs + sLs −ωeLs −ωesLm Lm
ωeLs Rs + sLs ωeLm sLm
sLm −ωsLm Rr + sLr −ωsLr
ωsLm sLm ωsLr Rr + sLr
 ·

isd
isq
ird
irq
 (2.45)
where ωs = ωe − ωr is the slip speed, s is the Laplace operator, Ls =
Lsl +Lm and Lr = L
r
l +Lm are the stator and rotor inductances respectively.
Generally, the speed ωr in (2.45) cannot be treated as a constant. Instead it
can be related to the torque as
Te = TL + J
d
dt
ωm (2.46)
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where TL is the load torque, J is the rotor inertia, and the rotor mecha-
nical speed is ωm = ωr/p, p being the number of pole pairs of the machine.
A general form for the electromagnetic torque expression is
Te =
2
3
p~ψs ×~is (2.47)
or
Te =
2
3
p~ψm ×~ir (2.48)
which resolving into the d-q frame components can be expressed as
Te =
2
3
p(ψmd i
r
q − ψmq ird) (2.49)
and substituting (2.41) and (2.44) in (2.49) gives
Te =
2
3
pLm(i
s
di
r
q − isqird) =
=
2
3
p(ψrdi
r
q − ψrq ird) (2.50)
2.2.2 Synchronous Machine
Synchronous machines drives are close competitors to IM drives in many in-
dustrial applications where variable speed is required. Generally, they are
more expensive than induction machines drives, but the higher efficiency is
an important advantage. Furthermore, synchronous machines show better
dynamic performance in comparison to the IM. As the name indicates, a
synchronous machine rotates at the synchronous speed. The stator windings
are identical to that of the IM, but the rotor has a winding carrying DC cur-
rent that produces the air gap flux in high power machines. For medium and
low power machines the air gap flux can be created by permanent magnets.
This air gap flux helps the stator rotating magnetic field to drag the rotor
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along with it producing torque. In high power wound field machines, the ro-
tor usually contains a damper winding which is similar to the short-circuited
squirrel-cage bars in an IM. The cross-section of a three-phase two-pole syn-
chronous machine is shown in Fig. 2.6.
Figure 2.6: Three-phase two-pole synchronous machine.
Permanent Magnet Synchronous Machine
In a PMSM, the rotor DC field winding is replaced by permanent magnets
eliminating copper losses in the rotor. Thus, conduction losses are concen-
trated in the stator where they can be easily dissipated. This allows the
design of machines with smaller rotor diameters, resulting in smaller ma-
chine sizes, with high power density and very low rotor inertia [10].
The selection of the permanent magnets with proper materials is very im-
portant in the design of a PMSM [1]. Figure 2.7 shows the demagnetization
quadrant of the B − H curve in which the permanent magnet is designed
to operate. Initially, if the magnet is short-circuited (no air gap), the maxi-
mum flux density Br will be available. Once the magnet is installed in the
machine, the air gap will have some demagnetization effect and the corres-
ponding operating point at no-load will be moved to B′. A smaller slope
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of the no-load line will be obtained with higher air gap. Current flowing in
the stator winding will introduce further demagnetization effect, which will
further reduce the air gap flux density. Once the operating point reaches D
(worst-case demagnetization), which can be due to a starting, transient, or
machine fault condition, and the demagnetization effect is removed, the mag-
net will recover along the recoil line [1]. It should be noted that the recoil line
has approximately the same slope as the original H − B curve near H = 0.
The stable operating point in subsequent operation will be determined by the
intersection of the load line and the recoil line. Therefore, the magnet will
be permanently demagnetized under no load operation, corresponding to the
vertical distance between Br and A
′. The worst-case demagnetization point
is vitally important and should be always under control. However, if the
material of the permanent magnet have a strait line demagnetization charac-
teristic, the recoil line will coincide with the demagnetization line irrespective
of the worse demagnetization point (i.e., permanent magnet demagnetization
can be negligible) [1].
Figure 2.7: Permanent magnet operating points.
If the material of the permanent magnet is selected to have a straight-line
demagnetization curve in the operating quadrant, the recoil line will coincide
with that of the demagnetization. Thus, the permanent demagnetization
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will be negligible. The most common magnetic materials are Alnico (Al, Ni,
Co), Ferrite, and rare-earth materials such as samarium-cobalt (SmCo) and
neodymium-iron-boron (NdFeB) [15]. Despite the lower service temperature
NdFeB magnets are finding their way into an increasing number of applica-
tions. The characteristics of these materials are presented in Fig. 2.8.
Figure 2.8: Permanent magnets characteristics.
There are two types of PMSM regarding the construction of the rotor:
the SM-PMSM and the Interior Permanent Magnet Machine (I-PMSM). A
cross-section of both machines is shown in Fig. 2.9.
SM-PMSMs are widely used and have a very simple rotor design consist-
ing of a cylindrical iron core with magnets glued on its surface with epoxy
adhesive. Since the rare earth magnets permeability is close to that of the air,
the SM-PMSM presents a constant effective air gap (Ldm = Lqm) resulting
in a geometrically non-salient pole machine. Unlike the SM-PMSM, in the
I-PMSM, the magnets are mounted inside the rotor generating radial flux
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Figure 2.9: Cross section of permanent magnet machines. (a) SM-PMSM.
(b) I-PMSM
in the air gap. The flux in the direction of the magnets (d-axis flux) goes
through the magnets across a high reluctance path. However, the quadrature
flux (q-axis flux) is closed through the steel poles across a low reluctance
path. Therefore, the I-PMSM is a salient pole machine (i.e. Lqm > Ldm).
Dynamic Model in the Stationary Reference frame
The stator voltage equations for a PMSM are the same as those for an IM
(2.1), (2.2) and (2.3) and are repeated here in its matrix form:
vsa
vsb
vsc
 = Rs ·

isa
isb
isc
+ ddt

ψsa
ψsb
ψsc
 (2.51)
The total per phase flux-linkage in (2.51) are given by

ψsa
ψsb
ψsc
 =

La Mab Mac
Mba Lb Mbc
Mca Mcb Lc
 ·

isa
isb
isc
+ ψPM

cos θr
cos (θr − 2pi3 )
cos (θr − 4pi3 )
 (2.52)
where ψPM is the magnitude of the permanent magnet flux in each phase
when it is aligned with the corresponding magnetic axis, and the reciprocal
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mutual inductances are equal i.e. Mab = Mba, Mbc = Mcb, and Mca = Mac.
As mentioned before, in a I-PMSM, the effective air gap length is larger in
the direction of the permanent magnet (d-axis) than in quadrature direction
(q-axis) which produces stator phase inductance variations as function of the
rotor position. This in known as saliency. Considering only the fundamental
inductances variation (fundamental saliency),2 the stator phase inductance
can be written as:
La
Lb
Lc
 = Ll + Lm −

∆Lm cos 2θr
∆Lm cos (2θr − 4pi3 )
∆Lm cos (2θr − 2pi3 )
 (2.53)
and the mutual inductances are given by
Mab
Mbc
Mca
 = −Lm2 −

∆Lm cos (2θr − 2pi3 )
∆Lm cos 2θr
∆Lm cos (2θr − 4pi3 )
 (2.54)
Applying the axes transformation given in (2.7) to the PMSM basic equa-
tions (2.51) and (2.52), and substituting the inductance values given in (2.53)
and (2.54), the dynamic model in the stationary α− β reference frame can
be written as:
[
vsα
vsβ
]
= Rs ·
[
isα
isβ
]
+
d
dt
[
Ls −∆Ls cos 2θr ∆Ls sin 2θr
∆Ls sin 2θr Ls +∆Ls cos 2θr
]
·
[
isα
isβ
]
+ψPM
d
dt
[
cos θr
cos (θr − pi2 )
]
(2.55)
where Ls = Ll +
3
2
Lm and ∆Ls =
3
2
∆Lm. For a SM-PMSM, since there
is no saliency, there will be no inductance variation, hence ∆Lm = 0.
Dynamic Model in the Synchronous Rotating frame
The PMSM model in the d-q frame can be derived following the same pro-
cedure as for an IM. Applying the axes transformation (2.10) to the α− β
frame voltage equations given in (2.55) yields:
2It is assumed that the variation of the air gap does not affect the leakage inductance[15].
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vsd = Rsi
s
d − ωrψsq +
d
dt
ψ
′s
d (2.56)
vsq = Rsi
s
q + ωrψ
′s
d + ωrψPM +
d
dt
ψsq (2.57)
where ψPM is the permanent magnet flux and
ψ
′s
d = i
s
d(Lls + Ldm) = i
s
dLds (2.58)
ψsd = ψPM + ψ
′s
d = ψPM + i
s
dLds (2.59)
ψsq = i
s
q(Lls + Lqm) = i
s
qLqs (2.60)
The equivalent circuits in the d-q frame are shown in Fig. 2.10.
Substituting (2.58), (2.59) and (2.60) in (2.56) and (2.57) gives:
vsd = Rsi
s
d − ωrLsqisq + Lsd
d
dt
isd (2.61)
and
vsq = Rsi
s
q + ωrL
s
d + ωrψPM + L
s
q
d
dt
isq (2.62)
The developed torque is given by:
Te =
3
2
p[ψPM i
s
q + (L
s
d − Lsq)isdisq] (2.63)
The second term in (2.63) is called the reluctance torque and it appears
due to the saliency of the machine. The theory presented above can be
applied to a non-salient PMSM by considering Lsd = L
s
q. The reluctance term
in the torque equation disappears for a non-salient machine.
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Figure 2.10: Dynamic d-q model equivalent circuit of a PMSM. (a) d-axis
circuit. (b) q-axis circuit.
2.3 Control Methods of AC Machines
Depending on whether the controller has the ability to control, not only the
magnitude, but also the position of the voltage, current, and flux space vec-
tors the control methods for ac machines can be divided into scalar and vector
control [14]. A possible classification of variable frequency control methods
is presented in Fig. 2.11.
2.3.1 Scalar Control
In many industrial applications, specially in those where no fast speed changes
are required, the dynamics requirement of the drive control is not of much
importance. For these cases, the most common method of controlling an AC
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Figure 2.11: Classification of AC machines control methods
machine is the open loop v/f control. It is based on the steady state model
of the machine and, as mentioned before, it controls only the amplitude of
the voltage vector.
Representing (2.33) and (2.34) in its vector form we obtain
~vsdq = Rs~i
s
dq +
d
dt
~ψsdq + jωe
~ψsdq (2.64)
Under steady state conditions and neglecting the stator resistive voltage
drop, (2.64) simplifies to:
~vsdq = jωe
~ψsdq (2.65)
In order to maintain the stator flux at its nominal value the ratio v/f is
kept constant, hence the name v/f control. A typical scheme for v/f control
is shown in Fig. 2.12.
To justify the assumption of steady state conditions, the slope of the
stator frequency command signal is limited reducing its bandwidth. Since
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Figure 2.12: v/f scalar control. Block diagram.
the resistive voltage drop has been neglected, a preset minimum value of
the stator voltage (known as boost voltage) is used, at low stator frequency,
to compensate for the resistive voltage drop. Despite the reduced dynamic
performance, v/f ensures robustness and is suitable for a wide range of low-
cost drives. Typical applications are pumps and fan drives [1].
2.3.2 Field Oriented Control
Field Oriented Control (FOC) is based on the decomposition of the stator cur-
rents into a flux-producing current and torque-producing current. It allows,
then, a separate control of torque and flux with a similar control structure
of that of a separately excited DC machine. There are different flux linkage
vectors to which the orientation can be done, however, the orientation with
the rotor flux linkage is the most popular [10]. In a synchronous rotating
frame the time-varying currents appear as constant values at steady state.
Zero steady state error can then be achieved.
Field Oriented Control of Induction Machines
In a cage-type induction motor, the rotor equations given in (2.37) and (2.38)
can be rewritten as:
0 = Rri
r
d +
d
dt
ψrd − (ωe − ωr)ψrq (2.66)
0 = Rri
r
q +
d
dt
ψrq + (ωe − ωr)ψrd (2.67)
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Taking into account that Lr = Llr + Lm, the rotor flux equations (2.40)
and (2.43) can be expressed as follows:
ψrd = Lri
r
d + Lmi
s
d (2.68)
ψrq = Lri
r
q + Lmi
s
q (2.69)
and resolving for ird and i
r
q we get
ird =
1
Lr
ψrd −
Lm
Lr
isd (2.70)
ird =
1
Lr
ψrd −
Lm
Lr
isd (2.71)
Since the rotor currents are not accessible, they can be eliminated from
(2.66) and (2.67) by substituting (2.70) and (2.71).
0 =
Rr
Lr
ψrd +
d
dt
ψrd −
Lm
Lr
Rri
s
d − (ωe − ωr)ψrq (2.72)
0 =
Rr
Lr
ψrq +
d
dt
ψrq −
Lm
Lr
Rri
s
q + (ωe − ωr)ψrd (2.73)
If the synchronous d-q frame is rotor flux orientated, then ψrq , 0. Fur-
thermore, if the rotor flux ψr is constant, which is usually the case, it can be
written as:
ψr = Lmi
s
d (2.74)
Under rotor flux orientation, the torque expression given in (2.50) simpli-
fies to:
Te =
3
2
p
Lm
Lr
ψrisq (2.75)
Equations (2.74) and (2.75) show that the flux and torque of an IM can
be independently controlled through the stator currents components isd and i
s
q
respectively. From (2.7) and (2.8), given in section 2.2.1, it should be noted
that the rotor flux position γr is needed for the axes transformation. This
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angle can be measured but requires further sensors i.e. search coils inserted
into the machine. However, computing the slip frequency as:
ωs =
Lm
τrψr
isq (2.76)
where τr is the rotor time constant defined by τr = Lr/Rr, rotor flux
orientation can be established. This approach is more commonly used and
is known as Indirect Rotor Flux Orientation (IRFO). The block diagram for
IRFO is shown in Fig. 2.13.
Figure 2.13: Indirect Rotor Flux Orientation (IRFO). Block diagram.
Field Oriented Control of Surface Mounted PMSM
The vector control for PMSM with surface mounted magnets is somewhat
simpler. As it was mentioned in section 2.2.2, the SM-PMSM is a non-salient
pole machine with large effective air gap, thus the synchronous inductance Ls
and consequently the corresponding armature flux are very small i.e. ψs =
ψm = ψPM [10]. For maximum torque per ampere (i.e. maximum efficiency)
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the direct stator current can be set to zero, isd = 0. This implies the stator
current modulus to be is = isq. The torque expression for the developed
torque can be derived from (2.63), giving:
Te =
3
2
pψPM i
s
q (2.77)
Figure 2.14 shows the block diagram for FOC of a PMSM.
Figure 2.14: Indirect Rotor Flux Orientation (IRFO). Block diagram.
Vector control for PMSM is very similar to that of the IM except for the
following:
• The slip frequency ωs = 0 because the PMSM runs at the synchronous
speed.
• The magnetizing current isd = 0 because the rotor flux is supplied by
the permanent magnets.
• Unlike the slipping pole of an IM, in a PMSM the poles are fixed to
the rotor, thus the rotor flux angle is directly generated from a position
sensor.
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2.3.3 Direct Torque Control
In the mid 1980’s, a new advanced control technique, known as Direct Torque
Control (DTC) [7] or Direct Self-Control (DSC) [16], was introduced for
voltage-fed PWM inverter drives. Since then, DTC has gained popularity
and nowadays is becoming one of the most popular control methods for AC
machines and has been shown to be a worthy alternative to other vector con-
trol drives.
The basic principle of DTC is to directly select stator voltage vectors by
means of a hysteresis stator flux and torque control loops [10].
Figure 2.15: Direct Torque Control. Block diagram.
As it is shown in Fig. 2.15, stator flux |ψs∗| and torque T ∗e references
are compared with the corresponding estimated values. Both stator flux
and torque errors, Eψ and ETe , are processed by means of hysteresis band
comparators. In particular, stator flux is controlled by a two-level hysteresis
comparator, whereas the torque is controlled by a three-level comparator. On
the basis of the hysteresis comparators and stator flux sector S(k), a proper
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VSI voltage vector is selected by means of the look-up table3.
The fundamentals of DTC are the same irrespective of the type of machine
under control (IM or PSMS). However, the stator flux and electromagnetic
torque estimators will depend on the particular machine to be controlled.
Usually, stator flux estimators based on the machine model are employed.
From these estimators, the stator flux angle can be easily derived and deter-
mine the sector S(k) in which is lying. Since the model based flux estimators
employ only terminal quantities as voltage and currents, it can be said that
DTC is, intrinsically, a sensorless drive. However, as other sensorless control
schemes based on conventional fundamental-frequency models or observer
based methods, fulfill the demand in the higher speed range but have been
shown to give poor and asymptotically failing performance as zero speed is
approached due to the loss of information4.
2.3.4 Sensorless Control of AC Machines
Performing the control tasks of an AC drive without a speed/position sensor
is usually referred to as sensorless control. The term sensorless is normally
referred to the lack of a speed/position sensor rather than the complete lack
of sensors since, at least, current transducers are needed for any vector con-
trolled drive. Since the lack of a speed/position sensor reduces the total drive
cost (specially significant in small drives), facilitates the installation because
of cabling reduction, and eliminates the housing of the sensor at the end of
the machine shaft yielding to a reduction of the drive volume, sensorless con-
trol drives interest is growing up in the recent years. Despite several methods
have been proposed in the literature, the basic idea behind all these methods
is the estimate of flux or rotor position from the terminal quantities of the
machine. According to the position estimate technique employed, sensorless
control can be classified as Model-Based and Non-Model-Based.
3A deep review of direct torque control is given in chapter 4.
4Model based sensorless control is briefly discussed in next section.
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Model based Sensorless Control
When the estimate of flux or rotor position is derived from a model, the
method is referred to as Model-Based sensorless control. A comparative
analysis of three different observers is carried out in [17].
The simplest Model-Based method, voltage model, consist in estimating
the stator flux ψˆs in the α− β stationary reference frame by integrating the
stator voltage corrected by the resistance drop.
ψˆsαβ =
∫
(vsαβ −Rsisαβ)dt (2.78)
From the α− β components in (2.78), the stator flux angle can be derived
as follows:
γˆs = tan
−1 ψˆ
s
β
ψˆsα
(2.79)
It is important to note that the performance of a PMSM drive using
equation (2.79) is highly dependent on the accuracy of the stator flux-linkage
estimator which also depends on the accuracy of the voltage and current
measurements and the integration technique. Moreover, estimators based on
the voltage model are very sensitive to variations of the stator resistance Rs,
which varies as a function of the winding temperature. At low speed, the
stator voltage drop becomes dominant, degrading the flux estimator perfor-
mance. Several algorithms, including artificial neural networks [18] has been
proposed in order to estimate Rs.
In the voltage model, also state observer [19], [20], [21] or Kalman filters
[22], [23], [24] have been used in order to reduce the parameter variation
effect. However, the common problem of the above-mentioned methods is
that the performance of the rotor position estimate is critically dependent
on the magnitude of the back-emf voltage which is proportional to the rotor
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speed. In the low-speed region, where the magnitude of back-emf voltage is
very small, the performance is significantly degraded.
Non-Model based Sensorless Control
As discussed in the previous section, Model-Based sensorless methods fails
at low and zero speeds due to the lack of back-emf. Consequently, alterna-
tive methods which do not rely upon the fundamental quantities are gaining
attention. The derivation of the machine model for fundamental operation is
done under several assumptions. The model, then, represents the ideal ma-
chine. The Non-Model-Based sensorless schemes exploit the non-ideal ma-
chine characteristics to obtain flux or rotor position information. Tracking
the variations of the impedance with rotor position (saliency) has been pro-
posed as a mechanism for rotor position detection of salient AC machines as
the interior permanent magnet machine [25], [26], [27], [28] and synchronous
reluctance machines [29], [30].
Saliency position detection is carried out by means of a test high frequency
(hf ) signal injection into the machine. According to the type of the injected
signal, these techniques can be classified as persistent hf voltage injection
[28], [31], [32], [33] or hf current injection [34], and discrete voltage test
pulses injection [27], [35], [36], [37]. Different PMSM structures and sensorless
techniques are compared in [38].
2.4 Conclusions
Induction machine and permanent magnet synchronous machine mathema-
tical models have been presented.
Different control methods for AC machines drives have been briefly re-
viewed. The most popular scalar control, v/f , is suitable for many industrial
applications where the dynamic performance is not of much importance. FOC
allows for separate control of flux and torque yielding in a very high perfor-
mance drive but at the cost of a complicated structure and a position sensor.
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Due to its simplicity and robustness, DTC seems to be a convenient choice
in many applications.
The classical DTC leads itself easily to sensorless control through the flux
model estimator, but as other sensorless control schemes based on the funda-
mental frequency models have been shown to give poor and asymptotically
failing performance as zero speed is approached.
Tracking the variation of the inductances with rotor position has been
shown to be a good alternative to the model-based sensorless methods.

Chapter 3
Power Converters for Motor
Drives
3.1 Introduction
Electric power for industrial applications is supplied in a three-phase form
with fixed frequency and fixed voltage. Some AC motors, like IM and PMSM
with damper windings1, can be operated directly from the mains, however,
variable speed and often better energy efficiency are achieved by means of a
frequency converter between the mains and the motor [14].
The most commonly used power converter for AC motor control applica-
tions is the well-known Voltage Source Inverter (VSI). In recent years Matrix
Converters (MC) are gaining interest due to its advantages over the VSI. This
chapter explains the basic principles of both VSI and MC. The classical VSI
is first briefly reviewed and then a deep explanation of the MC main concepts
is given.
1Damper windings are used in some line-start PMSM to allow them to start asyn-
chronously from the mains.
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3.2 Voltage Sources Inverters
VSIs receive DC voltage at the input side and convert it to AC voltage on
the output side. Usually, the DC input voltage is constant and may be
obtained, after rectifying and filtering, from the utility line or a rotating AC
machine. It can also be obtained from a battery or a solar photovoltaic array
[1]. Depending on the application the AC output voltage and frequency can
be constant or variable. Some of its main applications are motor drives,
Uninterruptable Power Supplies, power supply from battery or photovoltaic
array, and Active Harmonic filter.
3.2.1 Topology
In general, a VSI for motor drives must satisfy the following basic require-
ments:
• Adjust the frequency according to the motor speed.
• Adjust the output voltage as to maintain the air gap flux at a desired
value.
• Supply the rated current on a continuous basis at any frequency.
Figure 3.1: Voltage Source Inverter schematic.
Being precise, a VSI is a converter through which the power flow can be
reversible. However, since most of the time the power will flow from the
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DC side to the AC side, an uncontrolled diode rectifier is normally used
at the input side. However, to slow down the motor, the kinetic energy
associated with the inertia of the system (motor+load), will revert. Since the
current direction through the uncontrolled diode rectifier cannot reverse, a
power resistor in parallel with the DC bus will provide the VSI with braking
capabilities. The resistor will be switched on if the capacitor voltage exceeds
a preset level, hence dissipating the stored power.
3.2.2 Output Voltage Vectors
As it can be seen in Fig 3.1, in order to avoid any short circuit at the input
power supply, the two switches in one leg may not be on simultaneously. On
the other hand, there is no danger in turning both switches off. However,
the output voltage in one leg when both switches are turned off will depend
on the conducting diode and could not be determined without sensing the
current. Therefore, only two states are allowed for each leg of the inverter.
A single function can be assigned to each leg as follows [14]:
x =
{
0 if Sy = on and S
′
y = off
1 if Sy = off and S
′
y = on
(3.1)
where x = a, b, c are the functions assigned to legs a, b and c and y =
A,B,C are the corresponding switches. Thus, the three phase inverter shown
in Fig. 3.1 has 23 = 8 permissible switching states.
From (3.1) the line-to-line and the line-to-neutral voltages can be derived
as 
vab
vbc
vca
 = VDC

1 −1 0
0 1 −1
−1 0 1


a
b
c
 (3.2)

vaN
vbN
vcN
 = VDC3

2 −1 −1
−1 2 −1
−1 −1 2


a
b
c
 (3.3)
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where VDC is the DC link voltage.
The space vectors theory introduced in chapter 2, is also a very useful
tool for analysis and control of power converters [14]. Denoting the output
voltages of an inverter, as the one shown in Fig. 3.1, by va, vb and vc, and
considering that they can be line-to-line (vab, vbc, vca), line-to-ground (van,
vbn, vcn) or line-to-neutral (vaN , vbN , vcN) voltages, the voltage space vector
~v is defined as
~v = vα + jvβ (3.4)
where vα and vβ can be found making θ = 0 and c = 1 in (2.7), hence
[
vα
vβ
]
=
[
1 −1
2
−1
2
0
√
3
2
−
√
3
2
]
·

va
vb
vc
 (3.5)
Note that the reduction from three phase va, vb and vc, to two phase vα
and vβ is only possible in balanced systems, that is when va + vb + vc = 0.
Under this condition, one of these voltage is dependent on the other two,
thus the information contained in va, vb and vc is the same as that contained
in vα and vβ. Assuming a three phase voltages balanced system as
va
vb
vc
 = V ·

cos (ωt+ ϕ)
cos (ωt+ ϕ− 2
3
pi)
cos (ωt+ ϕ− 4
3
pi)
 (3.6)
where V is the per phase voltage magnitude, then the α− β components
of these voltages are [
vα
vβ
]
=
3
2
V ·
[
cos (ωt+ ϕ)
sin (ωt+ ϕ)
]
(3.7)
hence, the voltage space vector is
~v =
3
2
V ej(ωt+ϕ) (3.8)
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Table 3.1: Switching states of a VSI
Switch On line-to-neutral line-to-line
Functions Devices Voltages Voltages
a b c A B C VaN VbN VcN Vab Vbc Vca
V0 0 0 0 S′A S
′
B S
′
C 0 0 0 0 0 0
V1 1 0 0 SA S
′
B S
′
C 2VDC/3 −VDC/3 −VDC/3 VDC 0 −VDC
V2 1 1 0 SA SB S
′
C VDC/3 VDC/3 −2VDC/3 0 VDC −VDC
V3 0 1 0 S′A SB S
′
C −VDC/3 2VDC/3 −VDC/3 −VDC VDC 0
V4 0 1 1 S′A SB SC −2VDC/3 VDC/3 VDC/3 −VDC 0 VDC
V5 0 0 1 S′A S
′
B SC −VDC/3 −VDC/3 2VDC/3 0 −VDC VDC
V6 1 0 1 SA S
′
B SC VDC/3 −2VDC/3 VDC/3 VDC −VDC 0
V7 1 1 1 SA SB SC 0 0 0 0 0 0
Figure 3.2: Line-to-line voltage vectors of a three phase VSI.
As it can be noted from (3.8), the voltage space vector rotates with an
angular speed ω in a plane defined by the orthogonal coordinates α and β.
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Applied to a VSI, the rotating voltage vector describes the fundamental
output voltages. Since the VSI can only produce a specific number of sta-
tionary voltage space vectors, summarized in Table 3.1, the rotating vector ~v
can be synthesized by means of an averaging process of the stationary space
vectors. The output line-to-line voltage space vectors of a VSI like the one
in Fig. 3.1 are shown in Fig. 3.2.
3.2.3 Modulation Techniques
Prior to the microprocessor development, the triangular Carrier-Based (CB)
sinusoidal Pulse Width Modulation (PWM) was the most commonly used
modulation method for three-phase static converters control [39]. However,
with high performance microprocessors, the Space Vector Modulation (SVM)
has become a basic processing technique in three-phase PWM converters.
Figure 3.3: SVM. Synthesization of the reference voltage vector.
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The SVM is an advanced, computation-intensive method and is possibly
the best among all the modulation techniques for variable-frequency drive
applications [1]. It is based on the representation of the converter output
side voltage vectors shown in Fig. 3.3. As shown in table 3.1, a two-level
inverter provides eight possible switching states, six active vectors (V1− V6),
which divide the plane into six sectors, and two null (or zero) vectors (V0
and V7) at the origin. The reference voltage vector ~v
∗, which is located in
sector 1 in Fig. 3.3, can be synthesized using the adjacent vectors V1 and V2
in a part-time basis to satisfy the average output voltage demand. The time
intervals t1 and t2 corresponding to vectors V1 and V2 can be derived with
the help of a simple trigonometrical relationship from Fig. 3.3 as follows:
v∗ sin (
pi
3
− α) = V1 t1
Ts
sin
pi
3
(3.9)
v∗ sinα = V2
t2
Ts
sin
pi
3
(3.10)
resolving for t1 and t2,
t1 =
2√
3
v∗
V1
Ts sin (
pi
3
− α) (3.11)
t2 =
2√
3
v∗
V2
Ts sinα (3.12)
where Ts is the sampling time.
The residual sampling time, t0+ t7, is reserved for zero vectors V0 and V7
with the condition that t1 + t2 + t0 + t7 = Ts.
t0 + t7 = TS − (t1 + t2) (3.13)
Note that times t1, t2, t0 and t7 can be recalculated for any sector. Equa-
tions (3.11) to (3.13) are identical for all SVM methods, which only differ
in the placement of the zero vectors. The most popular SVM method is the
one with symmetrical placement of zero vectors. The construction of the
symmetrical pulse pattern for three-phase inverters is shown in Fig. 3.4.
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Figure 3.4: Construction of symmetrical pulse pattern for three-pase inver-
ters.
3.3 Matrix Converters
In the last years, MCs have emerged to become a good alternative to the
well-known Voltage Source Inverter (VSI) [2]. The MC is an advanced circuit
topology capable of converting AC-AC, providing generation of load voltage
with arbitrary amplitude and frequency, bi-directional power flow, sinusoidal
input/output waveforms [3], and operation with unity input power factor.
Furthermore, since no inductive or capacitive elements are required, MC
allows a very compact design [3], [4]. Various methods to control MCs have
been proposed [2], [40], the indirect space vector modulation being the most
widely used.
3.3.1 Topology
A MC is an AC-AC converter, with m×n bi-directional switches, which con-
nects an m-phase voltage source to an n-phase load. From a practical point
of view, the three-phase, 3 × 3 switches MC shown in Fig. 3.5 is the most
interesting as it connects a three-phase load into a three-phase power supply.
It consists of nine bi-directional switches, arranged in three groups of three.
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Each of these groups (SAj, SBj, SCj) is associated with an output phase j.
In the MC shown in Fig. 3.5, vSi, with i = A,B,C are the source voltages,
iSi, with i = A,B,C are the source currents, vjN , with j = a, b, c are the
load voltages, ij, with j = a, b, c are the load currents, vi, with i = A,B,C
are the MC input voltages and ii , with i = A,B,C are the input currents.
A switch, Sij, with i = A,B,C and j = a, b, c can connect the input phase i
to the load phase j.
Figure 3.5: 3× 3 Matrix Converter.
3.3.2 Output Voltage Vectors
The switches states are characterized by the following function
Sij =
{
0 if switch Sij is open
1 if switch Sij is closed
(3.14)
There are 512 possible combinations of switches in a 3× 3 MC. However,
when operating with bi-directional switches, two basic rules must be followed:
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Table 3.2: Voltage and Current Vectors of a 3× 3 MC
MC State On Devices vo αo ii βi
+1 SAa SBb SBc 2/3vAB 0 2/
√
3ia −pi/6
−1 SBa SAb SAc −2/3vAB 0 −2/
√
3ia −pi/6
+2 SBa SCb SCc 2/3vBC 0 2/
√
3ia pi/2
−2 SCa SBb SBc −2/3vBC 0 −2/
√
3ia pi/2
+3 SCa SAb SAc 2/3vCA 0 2/
√
3ia 7pi/6
−3 SAa SCb SCc −2/3vCA 0 −2/
√
3ia 7pi/6
+4 SBa SAb SBc 2/3vAB 2pi/3 2/
√
3ib −pi/6
−4 SAa SBb SAc −2/3vAB 2pi/3 −2/
√
3ib −pi/6
+5 SCa SBb SCc 2/3vBC 2pi/3 2/
√
3ib pi/2
−5 SBa SCb SBc −2/3vBC 2pi/3 −2/
√
3ib pi/2
+6 SAa SCb SAc 2/3vCA 2pi/3 2/
√
3ib 7pi/6
−6 SCa SAb SCc −2/3vCA 2pi/3 −2/
√
3ib 7pi/6
+7 SBa SBb SAc 2/3vAB 4pi/3 2/
√
3ic −pi/6
−7 SAa SAb SBc −2/3vAB 4pi/3 −2/
√
3ic −pi/6
+8 SCa SCb SBc 2/3vBC 4pi/3 2/
√
3ic pi/2
−8 SBa SBb SCc −2/3vBC 4pi/3 −2/
√
3ic pi/2
+9 SAa SAb SCc 2/3vCA 4pi/3 2/
√
3ic 7pi/6
−9 SCa SCb SAc −2/3vCA 4pi/3 −2/
√
3ic 7pi/6
0a SAa SAb SAc 0 . . . 0 . . .
0b SBa SBb SBc 0 . . . 0 . . .
0c SCa SCb SCc 0 . . . 0 . . .
+10 SAa SBb SCc vimax αi iomax βi
−10 SAa SCb SBc vimax −αi iomax −βi
+11 SCa SAb SBc vimax αi + 2pi/3 iomax βi + 2pi/3
−11 SBa SAb SCc vimax −αi − 2pi/3 iomax −βi − 2pi/3
+12 SBa SCb SAc vimax αi + 4pi/3 iomax βi + 4pi/3
−12 SCa SBb SAc vimax −αi − 4pi/3 iomax −βi − 4pi/3
• Avoid connecting two different input lines to the same output line, since
it would lead into a short-circuit of the mains.
• Avoid disconnecting the output line circuits, since interrupting induc-
tive currents, will cause overvoltages.
When these two basic rules are taken into consideration, the number of
possible switching states is reduced to 27. The permitted switching states of
a 3 × 3 MC are shown in table 3.2, and have been classified in groups. The
first three groups containing the states (±1, ±2, ±3), (±4, ±5, ±6), and(±7,
±8, ±9), produces active vectors of variable amplitude, depending on the
input voltages, but at stationary position (pulsating vectors). Sates 0a, 0b
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and 0c, corresponding to group 4, connecting all the output lines to the same
input line, are the corresponding zero vectors. And the last six states (group
5 ), providing a direct connection of each output line to a different input line,
are the rotating vectors.
The state of the converter switches can be represented by means of the
so-called transfer matrix T which has the following form:
T =

SAa(t) SBa(t) SCa(t)
SAb(t) SBb(t) SCb(t)
SAc(t) SBc(t) SCc(t)
 (3.15)
Each row shows the state of the switches connected to the same output
line while each column shows the state of the switches connected to the same
input line. Due to the instantaneous power transfer of MC, voltages and
currents in one side may be reconstructed, at any instant, by means of the
corresponding voltages and currents in the other side [41]. Because the MC is
connected to the grid, the input line-to-neutral voltages are known, therefore,
applying Kirchhoff’s voltage law in Fig. 3.5, the output line-to-neutral output
voltages are found as follows:
vaN(t)
vbN(t)
vcN(t)
 =

SAa(t) SBa(t) SCa(t)
SAb(t) SBb(t) SCb(t)
SAc(t) SBc(t) SCc(t)


vA(t)
vB(t)
vC(t)
 (3.16)
The output currents results from applying these output voltages to a given
load. Measuring the output currents and applying Kirchhoff’s current law,
the input currents can be easily found:
iA(t)
iB(t)
iC(t)
 =

SAa(t) SAb(t) SAc(t)
SBa(t) SBb(t) SBc(t)
SCa(t) SCb(t) SCc(t)


ia(t)
ib(t)
ic(t)
 (3.17)
As it can be seen in (3.17), in order to find the input currents the transpose
transfer matrix T T is applied.
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T T =

SAa(t) SAb(t) SAc(t)
SBa(t) SBb(t) SBc(t)
SCa(t) SCb(t) SCc(t)
 (3.18)
It can be noted, from (3.16), that with a suitable switching strategy,
arbitrary voltages vjN at an arbitrary frequency can be synthesized.
3.3.3 Modulation Techniques
The output waveforms of a MC are formed by selecting each of the input
phases in sequence for specific periods of time. The output voltage consist
of segments made up from the three input voltages. On the other hand, the
input currents consist of segments of the output currents plus blank periods
during which the output currents freewheels through the converter switches.
A modulation method for MC was first proposed by Venturini [42], who
used a complicated scalar model with a maximum voltage transfer ratio of
0.5 [43]. In [44] the injection of a third harmonic method, which allows
a maximum transfer ratio of 0.86, is proposed. In order to make possible
the implementation of classical PWM strategies with MC, a new approach,
known as indirect modulation, is proposed in [45], [46] and [47].
Scalar Modulation
Scalar modulation, also known as Venturini modulation, establishes inde-
pendent relations for each output by considering time windows in which the
instantaneous values of the desired output voltages are sampled and the in-
stantaneous input voltages are used in order to synthesize a signal whose low
frequency component follows the reference output phase voltages.
If tij is defined as the time during which switch Sij is on and TS as the
sampling period, the output voltage vector can be expressed as
~vjN =
tAjvA(t) + tBjvB(t) + tCjvC(t)
TS
(3.19)
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Since TS = tAj + tBj + tCj, the following duty ratios can be defined
mAj =
tAj
TS
mBj =
tBj
TS
mCj =
tCj
TS
(3.20)
Substituting the switching states by the duty ratios in (3.16) and (3.17),
the following equations for the output voltages and input currents can be
derived 
vaN(t)
vbN(t)
vcN(t)
 =

mAa(t) mBa(t) mCa(t)
mAb(t) mBb(t) mCb(t)
mAc(t) mBc(t) mCc(t)


vA(t)
vB(t)
vC(t)
 (3.21)
~vo(t) =M(t)~vi(t) (3.22)

iA(t)
iB(t)
iC(t)
 =

mAa(t) mAb(t) mAc(t)
mBa(t) mBb(t) mBc(t)
mCa(t) mCb(t) mCc(t)


ia(t)
ib(t)
ic(t)
 (3.23)
~ii(t) =M
T (t)~io(t) (3.24)
Where ~vo(t) and ~ii(t) are the low frequency components
2 of the output
voltage and input current vectors respectively. On the other hand, ~io(t) and
~vi(t) are the instantaneous output current and input voltage vectors respec-
tively. M(t) is the low frequency transfer matrix, also known as modulation
matrix. From (3.21) and (3.23), it can be concluded that firstly the output
voltages are synthesized with the instantaneous values of the input voltages
and secondly the input currents are synthesized with the instantaneous values
of output currents. The derivation of the modulation matrix is carried out
under the assumption that the required output voltages and input currents
are sinusoidal.
Given the input voltages and output currents as,
2The low frequency component refers to the mean value calculated over one sampling
interval.
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[
vi(t)
]
= Vi

cosωit+ φi
cosωit+
2pi
3
+ φi
cosωit+
4pi
3
+ φi
 [io(t)] = Io

cosωot+ φo
cosωot+
2pi
3
+ φo
cosωot+
4pi
3
+ φo

(3.25)
where Vi and Io are the voltage and current amplitudes respectively, the
objective is to find a modulation matrix M(t) that satisfies the following
equations
[
vo(t)
]
= qVi

cosωot+ φo
cosωot+
2pi
3
+ φo
cosωot+
4pi
3
+ φo
 [ii(t)] = qIo

cosωit+ φi
cosωit+
2pi
3
+ φi
cosωit+
4pi
3
+ φi

(3.26)
where q is the input to output voltage ratio. There are two possible
solutions to this problem derived by Venturini [48]:
[
M1(t)
]
=
1
3

1 + 2q cosωmt 1 + 2q cosωmt− 2pi3 1 + 2q cosωmt− 4pi3
1 + 2q cosωmt− 4pi3 1 + 2q cosωmt 1 + 2q cosωmt− 2pi3
1 + 2q cosωmt− 2pi3 1 + 2q cosωmt− 4pi3 1 + 2q cosωmt
 (3.27)
with ωm = ωo − ωi.
[
M2(t)
]
=
1
3

1 + 2q cosωmt 1 + 2q cosωmt− 2pi3 1 + 2q cosωmt− 4pi3
1 + 2q cosωmt− 2pi3 1 + 2q cosωmt− 4pi3 1 + 2q cosωmt
1 + 2q cosωmt− 4pi3 1 + 2q cosωmt 1 + 2q cosωmt− 2pi3
 (3.28)
with ωm = −(ωo − ωi).
The solution in (3.27) yields φi = φo, giving the same phase displacement
at the input and output of the MC whereas the solution in (3.28) yields
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φi = −φo giving reversed phase displacement at the input. A combination of
both solutions provides the method for input angle displacement control.
[
M(t)
]
= α1
[
M1(t)
]
+ α2
[
M2(t)
]
(3.29)
where α1 + α2 = 1. Setting α1 = α2 gives unity input Power Factor (PF)
regardless of the load angle. Setting α1 and α2 to different values, leading
PF (capacitive) at the input and lagging (inductive) at the output and vice
versa can be achieved. For α1 + α2 = 1 the modulation duty ratios can be
expressed in a compact expression as
mij(t) =
1
3
[
1 + 2
viN (t)vjN (t)
V 2i
]
(3.30)
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Figure 3.6: Output voltage target to input voltage ratio, q=0.5.
Using this solution the maximum input to output voltage ratio q that can
be achieved is 50%. The waveforms of the target output voltages and the
input voltages are shown in Fig. 3.6.
In order to increase the input to output voltage ratio q, a modification in
the modulation matrix, including the injection of the third harmonic of the
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input and output frequencies is proposed in [44].
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Figure 3.7: Injection of the third harmonics, q=0.86.
Using third harmonic injection, the maximum voltage transfer ratio can
be improved up to q = 0.86, and the equation given in (3.30) becomes
mij(t) =
1
3
[
1 + 2
viN (t)vjN (t)
V 2i
+ 2
3
sin (ωit+ βi) sin (3ωit)
]
(3.31)
where βi = 0,
2pi
3
, 4pi
3
for i = A,B,C respectively. As it is shown in Fig.
3.7, the target output voltage now uses fully the input voltage envelope.
Indirect Modulation
The main idea of the indirect modulation is to consider the matrix converter
as a two-stage converter; a rectification stage followed by an inversion stage.
As shown in Fig. 3.8, the rectification stage will provide a virtual DC-link
voltage Vpn, while producing sinusoidal input currents. The inversion stage
will produce the three output voltages [49]. The decoupling between input
currents and output voltages is reached dividing the transfer matrix T in
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(3.15) in two new transfer matrices, one for the rectification stage R and
other for the inversion stage I.
T = I ·R (3.32)

SAa(t) SBa(t) SCa(t)
SAb(t) SBb(t) SCb(t)
SAc(t) SBc(t) SCc(t)
 =

S7 S8
S9 S10
S11 S12

[
S1 S3 S5
S2 S4 S6
]
(3.33)
This method allows to consider the MC as a back-to-back converter with-
out energy storage devices [50]. Thus, common SVM strategies can be used
with MC.
Figure 3.8: MC model for indirect modulation.
Using the new transfer matrices I and R, (3.16) can be expressed as
follows:

vaN(t)
vbN(t)
vcN(t)
 =

S7 S8
S9 S10
S11 S12

[
S1 S3 S5
S2 S4 S6
]
vA(t)
vB(t)
vC(t)
 (3.34)
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and rearranging (3.34)

vaN(t)
vbN(t)
vcN(t)
 =

S7S1 + S8S2 S7S3 + S8S4 S7S5 + S8S6
S9S1 + S10S2 S9S3 + S10S4 S9S5 + S10S6
S11S1 + S12S2 S11S3 + S12S4 S11S5 + S12S6


vA(t)
vB(t)
vC(t)

(3.35)
The expression in (3.35) reveals that the output voltages are a composition
of products and sums of the input voltages by means of the rectification stage
switches, S7 − S12 and those of the inversion stage, S1 − S6.
Space Vector Modulation. Inversion stage.
Considering the inversion stage of Fig. 3.8 as a common VSI supplied by a
DC-Link voltage, Vpn, the output voltages can be derived by the DC-Link
voltage and the inversion stage switching states, in other words, the inversion
stage transfer matrix, I. In the same way the current through the DC-Link,
Ipn, can obtained by means of the transposed matrix I
T as it is shown in
(3.36) and (3.37). 
vaN(t)
vbN(t)
vcN(t)
 =

S7 S8
S9 S10
S11 S12

[
Vp
Vn
]
(3.36)
[
Ip
In
]
=
[
S1 S3 S5
S2 S4 S6
]
ia(t)
ib(t)
ic(t)
 (3.37)
As in a common VSI, there are only eight possible combination that avoids
short-circuit between the inverter’s legs. These eight combinations are di-
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vided into six active vectors V1 − V6 and two zero vectors V0 and V7. Vector
V1 indicates that output phase vaN is connected to the positive side of the
DC-Link, Vp, and the other two phases vbN and vcN are connected to the
negative side Vn. The magnitude of this vector can be obtained applying
Clark’s transformation as in (3.8), resulting
V1 =
2
3
(vaN + vbNe
j 2pi
3 + vcNe
j 4pi
3 ) =
2
3
Vpne
j pi
6 (3.38)
Applying the same transformation to the other vectors, all eight vectors
can be represented in the α− β plane as in Fig. 3.2.
Figure 3.9: Voltage reference vector generation.
As for the VSI, any vector inside the hexagon can be synthesized by
adding two adjacent vectors and a null vector. The active vectors and their
duty cycles will determine the direction of the desired vector ~v∗o while the null
vector will determine its magnitude. The duty cycles for the active vectors
can be obtained by dividing the time intervals in (3.11) and (3.12) by the
sampling period Ts. As shown in Fig. 3.9, for any sector inside the hexagon,
the time intervals for the adjacent vectors can take the following form
dα =
tα
Ts
= mv sin (
pi
3
− α0) (3.39)
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dβ =
tβ
Ts
= mv sinα0 (3.40)
As the sum of all three duty cycles must be dα + dβ + d0 = 1, the duty
cycle for the null vector can be expressed as
d0 =
t0
Ts
= 1− dα − dβ (3.41)
The voltage modulation index mv, determines the voltage transfer ratio as
mv =
√
3
v∗o
Vpn
0 < mv < 1 (3.42)
The virtual DC-Link voltage Vpn depends on the input voltages, the cur-
rent modulation index mc and the displacement angle between the input
voltage and current φi. In the case of balanced and sinusoidal input voltages,
with mc = 1 and φi = 0, the virtual DC-Link voltage becomes
Vpn =
2
3
Vi (3.43)
where Vi is peak value of the input voltage.
Space Vector Modulation. Rectification stage.
In the same way as for the inversion stage, the rectification stage can be
considered as a common Current Source Rectifier (CSR) loaded with a DC
current supply Ipn. The input currents can derived by means of the virtual
DC current supply and the rectification stage switching state, in other words,
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the transfer matrix R. The virtual DC-Link voltage can be also derived by
means of transposed transfer matrix RT .
iA(t)
iB(t)
iC(t)
 =

S1 S2
S3 S4
S5 S6

[
Ip
In
]
(3.44)
[
Vp
Vn
]
=
[
S1 S3 S5
S2 S4 S6
]
vA(t)
vB(t)
vC(t)
 (3.45)
Only nine combinations of the rectification stage switches, which avoids
disconnecting the DC-Link bus, are available. These nine switching states
yields in six active current vectors I1 − I6 and three null vectors. Vector
I1(AB) means that phase A is connected to the DC-Link positive potential
Vp, and phase B is connected to the negative side Vn. Again, applying Clark’s
transformation, this vector can be expressed as follows:
I1 =
2
3
(iA + iBe
j 2pi
3 + iCe
j 4pi
3 ) =
2
3
Ipne
j−pi
6 (3.46)
Applying the same transformation to the other vectors, all nine vectors
can be represented in the α− β plane as in Fig. 3.10.
As in the case of the inversion stage, any vector~i∗i inside the hexagon can
be synthesize by means of two adjacent vectors and a zero vector. From Fig.
3.11, the duty cycles can be derived as follows:
dγ =
tα
Ts
= mc sin (
pi
3
− αi) (3.47)
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Figure 3.10: Rectification stage input current vectors.
Figure 3.11: Current reference vector generation.
dδ =
tδ
Ts
= mc sinαi (3.48)
As the sum of all three duty cycles must be dγ + dδ + d0 = 1, the duty
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cycle for the null vector can be expressed as
d0 =
t0
Ts
= 1− dγ − dδ (3.49)
The current modulation index mc, determines the current transfer ratio
as
0 < mc < 1 mc =
i∗i
Ipn
(3.50)
Space Vector Modulation. Entire Matrix Converter.
In the above sections, both rectification and inversion stages duty cycles have
been obtained by means of the MC equivalent circuit when indirect modula-
tion is used. In order to obtain a correct balance of the input currents and the
output voltages, the entire MC modulation pattern must be a combination
of both the rectification and inversion stage. The duty cycle of each sequence
is determined as the product of the corresponding duty cycles [14]:
dαγ = dαdγ dαδ = dαdδ (3.51)
dβγ = dβdγ dβδ = dβdδ
The duration of each sequence αγ, αδ, βγ, βδ, is obtained multiplying
the sample period Ts by the corresponding duty cycle. To obtain the de-
sired values of the current ~i∗i and voltage ~v
∗
o , while minimizing the number
of commutation during one sample period, a change of sequences is proposed
in [51], so that only one switch commutation per sequence is achieved. As it
is shown in table 3.3, the sequence pattern varies depending on the parity of
the sum of actual sectors in both input and output hexagons.
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Table 3.3: Commutation sequence for indirect modulation of MC.
Sum of sectors Commutation sequence
Even βγ αγ αδ βγ 0 βγ αδ αγ βγ
Odd αγ βγ βδ αγ 0 αγ βδ βγ αγ
3.3.4 Bidirectional Switches
Bi-directional switches, capable of blocking voltage and conducting current
in both directions are indispensable in MC. The lack of such devices has
reduced industrial development of MC. A bi-directional switch can be built
using unidirectional switches available on the market. Basically, there are
three different structures to obtain a bi-directional switch cell as shown in
Fig. 3.12. The diode bridge, the common emitter back-to-back and the com-
mon collector back-to-back structures.
Since in the diode bridge there is only one transistor witch handles the
current in both directions, only one gate driver is needed per switch cell.
However, conduction losses are high since there are three devices conducting
at the same time. Moreover, the direction of current through the cell can not
be controlled, being a disadvantage in advanced commutation methods.
Figure 3.12: Switch cell. (a) Diode bridge. (b) Common collector back-to-
back. (c) Common emitter back-toback.
The common collector and common emitter switch cells, shown in Fig.
3.12(b) and Fig. 3.12(c) respectively, allow for lower conduction losses be-
cause there are only two devices conducting at the same time. Although
the advantage of common collector switch cell is that only six isolated power
supplies are needed to supply the gate drive signals, as highlighted in [52],
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the common emitter topology is preferred in practice because minimizes the
stray inductance [41].
Bi-Directional switches Commutation Techniques
Since in MC there are no natural freewheeling paths, the current commuta-
tion is more difficult than in conventional VSIs. The commutation has to
be controlled according to the basic rules explained in section 3.3.2. There
are two possibilities for performing the commutation in the case of ideal true
four-quadrant switches [14]:
• Dead-time current commutation: In order to avoid short-circuit of the
inputs, the off-going switch is turned off while the on-coming is still
disconnected. Using this method implies overvoltage on the output
side and therefore a clamp circuit is necessary at the output to avoid
load currents discontinuities.
• Overlap current commutation: The main goal of this method is to avoid
disconnection of the output line circuit. This is achieved turning on
the on-coming switch while the off-going is still conducting. Obviously,
this will imply short-circuit of the inputs, thus causing high currents
circulation between inputs, which has to be eliminated by means of
additional chokes to decrease di/dt.
The need of extra reactive components and the high losses involved when
employing these methods, makes them unpractical. Since bi-directional switches
uses independent controllable unidirectional switches, the current direction
can be controlled. Therefore, other commutation strategies have been pro-
posed [53], [54] providing safe commutation based on two or four-step com-
mutation techniques.
Basically, There are two strategies to perform safe commutation. The
first is based on the direction of the current [53], [54] while the other is based
on the sign of the line-to-line voltage between the two switches involved in
the commutation process [53]. However, since the load is usually inductive,
the current sign detection is considered to offer safer operation [14].
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Current sign four-step semi-soft commutation technique
In order to implement this technique the switch cell must be designed in
such a way to allow the current direction to be controllable. The four steps
in which the commutation takes place are as follows:
• Step 1: Turn off the off-going non-conducting switch.
• Step 2: Turn on the on-coming conducting switch.
• Step 3: Turn off the off-going conducting switch.
• Step 4: Turn on the on-coming non-conducting switch.
A schematic representation of a two-phase to single phase MC is shown
in Fig. 3.13 (a), in which switch cells SAa and SBa represents the first two
switches in the converter of Fig. 3.5.
Figure 3.13: (a) Two-phase to single phase MC. (b) Initial conditions with
SAa on and IL > 0
In the following explanation it is assumed that SAa is on, and the current
direction is positive as indicated in Fig. 3.13(b).
As explained above, when a commutation to switch SBa is required, the
first step is to turn off the off-going non-conducting switch. In order to de-
termine which device in the active switch cell is not conducting, the current
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direction has to be known. In this case, as IL > 0, SAa1 is turned off. Accord-
ing to step 2, the on-coming conducting switch must be turned on. Because
IL > 0, the conducting device in the on-coming switch cell will be SBa2. Step
3 implies turning off the off-going conducting switch, in this case, according
to the current direction in Fig. 3.13(b), SAa2 will be turned off. Finally, in
order to re-establish the four-quadrant characteristic of the AC switch, the
on-coming non-conducting switch, SBa2, is turned on allowing currents to
change its direction naturally.
Figure 3.14: Current path during four-step commutation process.
Since steps one and four are passive and non-critical, their states can be
changed faster. On the contrary, the duration of steps two and three is criti-
cal and must agree with the switch characteristics.
The current path during the four-step commutation process when IL > 0
is illustrated in Fig. 3.14. A similar explanation holds for the commutation
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process when IL < 0.
This technique allows the commutation process without causing input
line-to-line short-circuit or disconnecting the output lines. Furthermore, the
switching losses are reduced by 50% because half of the commutation process
is soft-switching [55].
3.3.5 The input filter
A low-pass filter is used at the input side of the MC to reduce the switching
frequency harmonics. The filter requirements are as follows [14]:
• To have a cutoff frequency lower than the switching frequency:
ωo =
1√
CfLf
(3.52)
where Lf and Cf are the inductance and capacitance and ωo = 2pifo is
the resonance pulsation of the input filter.
• Minimize its reactive power at the power grid frequency.
• Minimize the volume and weight for capacitor and chokes.
• Minimize the inductance voltage drop at the rated current in order to
avoid a reduction in the voltage transfer ratio.
Firstly, the cutoff frequency of the LC filter is chosen to provide the
desired attenuation at the switching frequency. The value of the capacitor or
the inductance is calculated based on one of the above criteria.
3.3.6 Over-voltage protection
In the previous section a four-step commutation technique which avoids both
overvoltage and overcurrent has been presented. However, there are an-
other sources of overvoltage when operating with a MC, as grid perturba-
tions and fault states in the load. When the output of MC is disconnected,
thus suddenly interrupting the load current, the energy stored in the load
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inductance has to be discharged without generating high overvoltages. The
most common solution is the use of a clamp circuit as shown in Fig. 3.15,
where the capacitor is charged at the desired clamp level. This circuit uses
twelve fast recovery diodes connecting the capacitor to the input and output
terminals.
Figure 3.15: Matrix converter with clamp circuit.
When overvoltages occurs, the diodes conducts and the RC circuit main-
tains the voltage level at a safe value. In normal conditions, the diodes are
not conducting and the clamp circuit has no effect in the MC operation. A
new configuration which uses six diodes from the bi-directional switches is
proposed in [56]. Another strategy is proposed in [57], replacing the clamp
circuit by varistors at the input an output, plus an extra protection circuit
for each IGBT. Controlled shutdown without a clamp circuit is proposed in
[58] using controlled freewheeling states in order to reduce the motor current
to zero.
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3.4 Conclusions
Two different converters, the most commonly used in AC motor applications
(VSI) and an advanced AC-AC topology (MC), has been examined. MCs
have several advantages over the conventional VSI as bi-directional power
flow with input power factor correction capability. Moreover, since there is
no DC-link in a MC no large energy storage elements are needed, allowing for
a very compact design. However, the need of bi-directional switches makes
the control of the MC more complex when compared to the VSI. Similar to
the standard diode bridge VSI, the MC has to be protected against over-
voltage and overcurrent. Due to the lack of energy storage elements in the
DC-link, the MC topology is more sensitive to disturbances. A solution to
solve these problems consist on connecting a clamp circuit on the output
which is one of the main drawbacks of this topology.
Among the known advantages of MCs over VSIs, as the capability to
control the input power factor, no need for energy storage elements and bi-
directional power flow, MCs can generate more voltages vectors than VSIs
which can be exploited to reduce the inherent torque and flux ripples present
when DTC schemes are employed. Taking into consideration the advantages
and disadvantages of both converters, the author has considered the use of
the MC throughout this work.
Chapter 4
Direct Torque Control
4.1 Introduction
Traditionally, AC machines, especially the IM connected to a constant fre-
quency sinusoidal power supply have been used in constant speed applica-
tions, whereas DC machines were used for variable speed drives. The con-
verter and control of a DC drive are simple. Moreover, DC machines have
a very fast torque response. However, the commutators and brushes of DC
machines, not only limit the speed and current, but also are a source of
EMI, and do not allow this type of machine to operate in explosive or cor-
rosive environments. In contrast, as mentioned in chapter 2, AC machines
do not have these disadvantages, however, their control complexity has been
a challenge to use them in variable speed applications. Thanks to the rapid
development in the field of power electronics and fast microprocessors (such
as DSPs) in the last decades, high performance applications using IM and
PMSM drives are now possible. Furthermore, it is expected that, even in
applications where high dynamics performance are not required, speed and
torque control of various types of AC machines will become a commonly used
technique due to the improvements achieved in terms of efficiency.
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Various types of control techniques have been briefly discussed in section
2.3 of chapter 2, DTC being one of the most popular nowadays. This chapter
is devoted to describe the classical DTC technique for both IM and PMSM
pointing out the advantages and disadvantages of this control method. Si-
mulation and experimental tests have been carried out to analyze the DTC
working principle and its dynamic performance when fed by a VSI.
4.2 Direct Torque Control for Induction Ma-
chines
In a DTC-IM drive it is possible to control directly the electromagnetic torque
and stator flux linkage magnitudes by selecting the appropriate inverter out-
put voltage vectors. The selection of these vectors must restrict both magni-
tude errors within their respective flux and torque hysteresis bands. In order
to select the proper voltage vectors, understanding of both flux and torque
variation as a function of the applied voltages is mandatory.
In section 2.2.1 of chapter 2, various equations for the electromagnetic
torque were presented, a general form being
Te =
2
3
p~ψs ×~is (4.1)
Both, stator and rotor fluxes can be expressed in terms of stator and rotor
currents as follows:
~ψs = Ls~i
s + Lm~i
r (4.2)
~ψr = Lr~i
r + Lm~i
s (4.3)
Eliminating ~ir from (4.2), the following equation can be derived
~ψs =
Lm
Lr
~ψr + L′s~i
s (4.4)
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where L′s = LsLr − L2m. Thus, the stator current can be expressed as
follows:
~is =
1
L′s
(~ψs − Lm
Lr
~ψr) (4.5)
Replacing (4.5) into (4.1), the following expression for the electromagnetic
torque can be written as follows:
Te =
3
2
p
Lm
LrL′s
~ψr × ~ψs (4.6)
or
Te =
3
2
p
Lm
LrL′s
|ψr||ψs| sin γ (4.7)
where γ = γs−γr is the angle between stator and rotor fluxes. The phase
diagram corresponding to (4.6) is shown in Fig. 4.1.
Figure 4.1: Phase diagram in the stationary reference frame.
In an IM, the rotor time constant can be considered larger than the stator
one, therefore, the rotor flux linkage varies slower than the stator flux linkage.
Thus, during a short transient (sampling period), the rotor flux linkage will
remain almost unchanged. If the rotor flux linkage remains constant and
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the stator one is changed incrementally by means of the stator voltage ~vs,
and the corresponding change of γ is ∆γ, the incremental torque ∆Te can be
expressed as follows:
∆Te =
3
2
p
Lm
LrL′s
|ψr||ψs +∆ψs| sin∆γ (4.8)
If for simplicity it is assumed that the stator resistance can be neglected,
then
~vs ≈ d
dt
~ψs (4.9)
It follows from (4.9), that in a short ∆t time (sampling period), the stator
flux linkage variation can be approximated by
∆~ψs ≈ ~vs∆t (4.10)
Thus, the stator flux linkage varies ∆~ψs ≈ ~vs∆t in the same direction
of the applied stator voltage vector and proportionally to the voltage vector
magnitude and sampling time. Selecting the appropriate voltage vector in ev-
ery sampling period Ts = ∆t, the stator flux linkage vector can be changed in
the desired manner. By acting on the tangential and radial flux components,
decoupled control of the electromagnetic torque and stator flux linkage can
be achieved. Since these two components are proportional to the applied vol-
tage vector components lying on the same directions, they can be controlled
selecting appropriate inverter switching states. The tangential component of
the voltage vector will force the stator flux vector to move away from the
rotor flux one, thus increasing the angle γ between them. Since the angle γ
is increased, according to (4.8) the electromagnetic torque will be increased.
The stator flux linkage vector magnitude will depend on the radial compo-
nent of the voltage vector.
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Figure 4.2: Voltage vector influence on stator flux linkage and electromagnetic
torque variation.
Figure 4.2 shows the influence of the applied voltage vector on the stator
flux linkage and torque variations. The possible flux locus is divided into six
different sectors. It also shows the six active vectors of the inverter discussed
in section 3.2 of chapter 3, which can be expressed in a general form as
Vk =
2
3
VDCe
j(k−1)pi/3 (4.11)
where k = 1, 2, . . . , 6. For k = 0, 7, the applied vectors are the null vectors
V0 and V7 respectively.
From Fig. 4.2 and (4.11), table 4.1 can be written. In table 4.1, k
corresponds to the sector in which the stator flux linkage is lying. It should
be noted that vectors Vk and Vk+3 are not considered for torque variations
because they have opposite effects depending on whether the flux linkage
vector is lying in the first portion (first 30o) or in the second portion (second
30o) of the sector.
If a null vector (V0 or V7) is applied, the machine terminal will be short
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Table 4.1: General DTC voltage vector selection table.
Increase Decrease
ψs Vk, Vk+1, Vk−1 Vk+2, Vk−2, Vk+3
Te Vk+1, Vk+2 Vk−1, Vk−2
circuited almost stoping the stator flux linkage vector rotation1, hence, keep-
ing the stator flux and electromagnetic torque unaltered.
4.2.1 DTC Scheme and Optimum Voltage Vector Selection
for IM
Based on the above considerations, the conventional2 DTC for IM was devel-
oped in [7]. Figure 4.3 shows the block diagram for the conventional DTC
for IM using a VSI.
Figure 4.3: Direct Torque Control for IM. Block diagram.
As it can be seen, the stator flux linkage ψs∗ and torque T ∗e references
1The stator flux will rotate very slowly due to the small resistance voltage drop.
2The DTC developed by Takahashi in [7] will be hereinafter refered to as conventional
DTC.
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Table 4.2: DTC optimum voltage vector selection table.
Hψs HTe S(1) S(2) S(3) S(4) S(5) S(6)
1 V2 V3 V4 V5 V6 V1
1 0 V0 V7 V0 V7 V0 V7
-1 V6 V1 V2 V3 V4 V5
1 V3 V4 V5 V6 V1 V2
-1 0 V7 V0 V7 V0 V7 V0
-1 V5 V6 V1 V2 V3 V4
are compared with the corresponding estimated values. The corresponding
errors, Eψ and ETe , are compared by means of hysteresis band comparators.
In particular, stator flux is controlled by a two-level hysteresis comparator,
whereas the torque is controlled by a three-level comparator as shown in Fig.
4.4. On the basis of the hysteresis comparators and stator flux sector S(k),
a proper VSI voltage vector is selected by means of a switching table.
Figure 4.4: Flux and torque hysteresis comparators. (a) Two-level hysteresis
comparator. (b) Three-level hysteresis comparator.
Considering the influence of the applied voltage vector explained in the
previous section and summarized in table 4.1, the so-called optimum switching
vector selection table is derived and shown in table 4.2. This gives the opti-
mum selection of the vectors for all possible stator flux linkage vector positions
(sector in which the stator flux linkage vector lies) and the desired values of
both the stator flux linkage modulus and the electromagnetic torque.
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As it can be seen in Fig. 4.5, the stator flux linkage vector reference and
the corresponding hysteresis bands tracks a circular trajectory. Thus, the
actual stator flux linkage vector follows its reference within the hysteresis
bands in a zigzag path.
Figure 4.5: Stator flux linkage vector locus.
4.2.2 Stator Flux and electromagnetic Torque estimate
The DTC scheme shown in Fig. 4.3 can achieve decoupled control of both
stator flux linkage and electromagnetic torque. Thus, these quantities must
be estimated in order to close the corresponding control loops. There are
many different methods to estimate the stator flux linkage based on the motor
parameters. One of the simplest methods, based on the voltage model of
the machine, consist in the integration of the back-emf. From the voltage
equations in the α− β frame given in (2.11) and (2.12), the α− β components
of the stator flux linkage can be solved as follows:
ψsα =
∫
(vsα −Rsisα)dt (4.12)
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ψsβ =
∫
(vsβ −Rsisβ)dt (4.13)
From (4.12) and (4.13), the angle of the stator flux linkage vector γs can
be easily derived.
γs = arctan
(ψsβ
ψsα
)
(4.14)
Although the method does only depend on the stator resistance Rs, the
accuracy of the voltage and current measurements and the integration tech-
nique is crucial. Pure integrators have infinite gain at zero frequency, hence
any offsets present at the input will make the output gradually drift as shown
in Fig. 4.6.
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Figure 4.6: Stator flux linkage estimate. Pure integrator drift problem.
Moreover, at very low speed, estimators based on the voltage model can
not operate successfully due to the following problems:
• at low frequency, the stator voltage α− β components vsα and vsβ, are
very low and difficult to measure.
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• The variation of the stator resistance Rs, due to temperature variations,
reduces the accuracy of the estimated signals. However, at higher vol-
tage, the resistance variation effect can be neglected.
In the low speed region, the α− β components of the rotor flux ψrα and ψrβ
can be easily estimated with the help of the motor speed and current signals
[59]. The rotor flux equations given in (2.40), (2.41), (2.43) and (2.44) in
chapter 2, can be written in the α− β frame as
ψmα = ψ
s
α − Lsl isα = Lm(isα + irα) (4.15)
ψmβ = ψ
s
β − Lsl isβ = Lm(isβ + irβ) (4.16)
ψrα = Lmi
s
α + Lri
r
α (4.17)
ψrβ = Lmi
s
β + Lri
r
β (4.18)
Eliminating irα and i
r
β from (4.17) and (4.18), the following equations can
be derived,
ψrα =
Lr
Lm
ψmα − Lrl isα (4.19)
ψrβ =
Lr
Lm
ψmβ − Lrl isβ (4.20)
which can be written as:
ψrα =
Lr
Lm
ψsα −
L′s
Lm
isα (4.21)
ψrβ =
Lr
Lm
ψsβ −
L′s
Lm
isβ (4.22)
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Table 4.3: Induction motor parameters.
Output power 2500 W Current 6.8 A
Voltage 380 V Stator leakage inductance 9.2516 mH
Pole pairs 2 Rotor leakage inductance 9.2516 mH
Torque 16 Nm Magnetizing inductance 167.215 mH
Stator resistance 2.1 Ω Rotor resistance 2.6 Ω
where L′s = LsLr − L2m.
Finally, the α− β components of the stator flux are given by
ψsα = i
s
α
L′s
Lm
+ ψrα
Lm
Lr
(4.23)
ψsβ = i
s
β
L′s
Lm
+ ψrβ
Lm
Lr
(4.24)
Although the method requires the motor speed and almost all the motor
parameters, it has been considered for simulation and experimental tests
because it has been shown to be effective achieving very good estimate.
4.2.3 Simulation Results
The performance of the conventional DTC fed by a VSI has been analyzed
by means of simulation tests. The simulation models were programmed in
MatLab/Simulink operating with a sampling period of Ts = 70µs The pa-
rameters of the IM used are shown in table 4.3. In the experimental rig, a
DC machine dissipating the generated energy in a high power resistor, was
coupled to the IM shaft. The high inertia introduced by the coupled DC
machine has also been included for simulation purposes.
During the tests, the electromagnetic torque and stator flux linkage hys-
teresis bands were set to BTe = ±2.5% and Bψs = ±0.5% of their respec-
tive rated values. The simulated system correspond to the experimental rig3
shown in Fig. 4.12.
3The experimental rig and results are discussed later in this chapter.
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Steady state performance
Firstly, a steady state test was carried out. The torque and stator flux refe-
rences were set to their rated values T ∗e = 16Nm and ψ
s∗ = 0.702Wb. The
electromagnetic torque, stator flux linkage modulus and its α− β compo-
nents are shown in Fig. 4.7. As it can be seen, both the stator flux linkage
modulus and the electromagnetic torque follow their reference values. How-
ever, a high ripple in the electromagnetic torque can be noted, which is one
of the main drawbacks of the conventional DTC [10], [60], [61]. The figure
also shows the sinusoidal performance of the measured output currents α− β
components.
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Figure 4.7: Conventional DTC steady state performance.
In order to corroborate the switching strategy explained in section 4.2.1,
a zoomed area of the electromagnetic torque, stator flux linkage and the
corresponding applied vectors are shown in Fig. 4.8, when the stator flux
vector is lying in sector 1. The hysteresis bands corresponding to the torque
and stator flux hysteresis comparators are also plotted. It can be seen how
the output voltage vectors match with what was expected from column 3 of
table 4.2. Moreover, the influence of the applied vectors can be analyzed and
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compared to what was explained in section 4.2.1 and shown in Fig. 4.2.
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Figure 4.8: Switching strategy. Flux vector lying in sector 1.
The α− β components of the stator flux linkage are repeated in Fig. 4.9
showing the stator flux vector path. As expected from section 4.2.1 and Fig.
4.5, the stator flux linkage vector tracks a circular trajectory following its
reference, within the hysteresis bands, in a zigzag path.
Transient performance
Here, the transient behavior of the conventional DTC fed by a VSI is ana-
lyzed. The start-up transient performance is firstly analyzed, which can be
one of the drawbacks of the conventional DTC for IM [10]. As shown in Fig.
4.10, the stator flux can not be controlled while the electromagnetic torque
reference is zero.
As it can be noted from table 4.2, when the developed torque is within
the corresponding hysteresis bands, the torque comparator takes priority over
the stator flux one. Under this condition null vectors (V0 or V7) are applied
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Figure 4.9: Stator flux linkage path.
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Figure 4.10: Start-up transient.
by the system in order to maintain the electromagnetic torque within the co-
rresponding hysteresis bands, thus not controlling the stator flux any further.
At start-up, when both the electromagnetic torque reference and the devel-
oped one are zero, the DTC algorithm will apply null vectors being unable
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to produce any flux. Since the stator flux is not produced until the torque
reference is different from zero, the torque rise time is increased during the
start-up due to the dependency of the torque on the stator flux modulus as
it follows from 4.7.
In order to analyze the transient performance and the decoupled control
capability of the conventional DTC, a transient test has been carried out
in which a step in the electromagnetic torque reference, going from positive
rated torque TeN to negative rated torque −TeN , is introduced at t = 0.25 s
as shown in Fig. 4.11.
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Figure 4.11: Torque step transient.
The fast electromagnetic torque response, which is one of the main ad-
vantages of the DTC, is here shown. Furthermore, as it can be seen, there is
an effective decoupled control of the electromagnetic torque and the stator
flux. Obviously, due to the speed reversal, when the torque step takes place
the stator flux vector must rotate in the opposite direction while maintaining
its modulus at the reference value. Although the electromagnetic torque re-
sponse is very fast, the mechanical one is much slower due to the high inertia
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introduced by the coupled DC drive. This can be seen from the α− β com-
ponents of the stator flux ψSα and ψ
s
β which rotating speed takes about 50ms
to be reestablished in the opposite direction. Also the α− β components of
the measured currents iα and iβ are shown in Fig. 4.11.
4.2.4 Experimental Results
In order to corroborate the results obtained by simulation tests, experimen-
tal tests were also carried out. The machine used is the same as for the
simulation tests and its parameters are shown in table 4.3. In order to com-
pare the results, the system setup was the same as for the simulation tests.
The sampling period was set to Ts = 70µs, and the hysteresis bands of
both the electromagnetic torque and the stator flux comparators were set to
BTe = ±2.5%Nm and Bψs = ±0.5%Wb respectively. The general structure
of the experimental rig used to implement and test the conventional DTC is
shown in Fig. 4.12. A development system for the TMS320C40 32-bit floating
point DSP was used to implement the DTC algorithm. Due to lack of specific
peripherals for motor control of this DSP platform, additional logic boards
were used for the PWM generation4, analogue to digital conversion and en-
coder signals interfacing. As shown in Fig. 4.12, all the interface boards are
connected with the DSP through a parallel data bus (DSPLINK). The PWM
board directly controls the switches of a 7.5 kW Eurotherm 620 vector series
IGBT inverter which drives the IM. As a load, a 3kW DC machine, dissipat-
ing the generated energy on a high power resistor, was employed throughout
the experimental tests.
Steady state performance
As in the case of simulation, the steady state performance is first analyzed
by means of the electromagnetic torque, stator flux linkage modulus and its
α− β components which are shown in Fig. 4.13. The figure also shows the
4The PWM board was modified so that a voltage vector could be delivered for the
whole sampling period Ts.
DTC for Induction Machines 85
Figure 4.12: General structure of the experimental rig.
sinusoidal performance of the measured output currents α− β components.
It can be seen how the electromagnetic torque and the stator flux perfectly
follow their references. As it was expected from the simulation results, the
electromagnetic torque ripple is very high in comparison to other control
methods.
Although with higher values of ripple in the electromagnetic torque, the
stator flux linkage, and in the measured currents, the experimental results
shown in Fig. 4.13 closely match the results expected from the simulation
ones shown in Fig. 4.7.
To complete the steady state analysis, the stator flux linkage vector path
is shown in Fig. 4.14 in which the circular trajectory of the stator flux vector,
following its reference, can be seen.
Transient performance
The transient performance and the decoupled control capability of the con-
ventional DTC for IM is now experimentally analyzed by means of a transient
test in which a step in the electromagnetic torque reference, going from posi-
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Figure 4.13: Conventional DTC steady state performance.
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Figure 4.14: Stator flux linkage path.
tive rated torque TeN to negative rated torque −TeN , is introduced at t = 0.25
s as shown in Fig. 4.15. The fast torque response of the DTC shown in sec-
tion 4.2.3 is here corroborated.
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Figure 4.15: Torque step transient.
Moreover, an effective decoupled control of the electromagnetic torque and
the stator flux is achieved as it can be seen in Fig. 4.15. As in the simulation
results of Fig. 4.11, when the torque step takes place the stator flux vector
must rotate in the opposite direction while maintaining its modulus at the
reference value. As it can be noted from the α− β components of the stator
flux ψsα and ψ
s
β, the stator flux vector takes about 50ms due to the high
inertia and dynamic performance of the DC drive connected as a load.
4.3 Direct Torque Control for Permanent Mag-
net Synchronous Machines
The DTC for a PMSM is very similar to the solution adopted for an IM. In
fact all the above explanation holds for the DTC for the PMSM. Only the
stator flux linkage ψs, and the electromagnetic torque Te estimators have to be
adapted for the PMSM model. An expression for the electromagnetic torque
of a PMSM was introduced in (2.63), and is repeated here for convenience.
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Te =
3
2
p[ψPM i
s
q + (L
s
d − Lsq)isdisq] (4.25)
Based on the phasor diagram given in Fig. 4.16, the stator flux linkage
ψs and the torque angle δ can be considered, instead of isd and i
s
q
ψPM + L
s
did = ψ
s cos δ (4.26)
Lsqiq = ψ
s sin δ (4.27)
Hence, (4.25) can be expressed as follows:
Te =
3
2
p[ψPM
ψs
Lsq
sin δ +
1
2
(Lsd − Lsq)
(ψs)2
LsdL
s
q
sin(2δ)] (4.28)
Figure 4.16: Phase diagram in the stationary reference frame.
It is noted that to modify the electromagnetic torque value, either the
stator flux linkage amplitude or the angle δ (torque angle) has to be changed
as in the case of the IM, with the difference that now the coordinates are
fixed to the rotor.
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4.3.1 DTC Scheme and Optimum Voltage Vector Selection
for PMSM
According to (4.28), the electromagnetic torque can be controlled by chang-
ing the amplitude and position of the stator flux linkage vector ~ψs. As in the
case of an IM-DTC drive, neglecting the stator resistance, it can be assumed
a variation of the stator flux linkage ∆ ~ψs ≈ ~vs∆t in the same direction of
the applied voltage vector ~vs. The stator flux linkage will rotate at a speed
proportional to the magnitude of the applied voltage vector. The electromag-
netic torque will depend on the tangential component of the applied vector
~vs while the magnitude of the stator flux linkage will depend on the radial
component. The voltage vector influence on the stator flux linkage and the
electromagnetic torque variation is similar to that discussed in section 4.2
(see Fig. 4.2) and was summarized in table 4.1. Hence the DTC scheme for
a PMSM and the optimum switching table (see table 4.2) will be identical to
the one derived for the IM.
4.3.2 Stator Flux and electromagnetic Torque estimate
The stator flux linkage can be estimated by integrating the back-emf as pre-
sented in section 4.2.2. However, when a rotor position sensor is available
the stator current components in the rotor reference frame isd and i
s
q can be
obtained by using (2.10) [10]. Hence the stator flux linkage components in
the rotor reference frame can be estimated as follows:
ψsd = L
s
di
s
d + ψPM (4.29)
ψsq = L
s
qi
s
q (4.30)
where Lsd is the direct-axis inductance and L
s
q is the quadrature-axis in-
ductance. The stator flux linkage angle γs in the stationary reference frame
is equal to the torque angle δ plus the rotor position θr, as it follows from
Fig. 4.16.
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γs = θr + δ = θr + arctan
(ψsq
ψsd
)
(4.31)
Finally, the electromagnetic torque can be estimated as follows:
Te =
3
2
p(ψsdi
s
q − ψsqisd) (4.32)
Stator flux linkage reference
Figure 4.17 shows the block diagram for the DTC-PMSM drive which is very
similar to the one for IM discussed in section 4.2. However, here the stator
flux linkage reference is obtained from the reference value of the electromag-
netic torque. The function ψs∗(Te∗) can be obtained, up to the base speed,
by ensuring maximum torque per ampere [10].
Figure 4.17: Direct Torque Control for PMSM. Block diagram
To achieve the desired electromagnetic torque with minimum stator cur-
rent, the stator current direct axis component isd is forced to zero. Thus (4.29)
becomes
ψsd = ψPM (4.33)
and the stator flux modulus
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Table 4.4: PMSM parameters.
Output power 200 W Rated current 2 A
Voltage 100 V Lsd per phase 8.3 mH
Pole pairs 4 Lsq per phase 8.6 mH
Torque 0.64 Nm Rated speed 3000 rpm
Stator resistance 2.5 Ω Maximum speed 4500 rpm
|ψs| =
√
ψ2PM + (L
s
qi
s
q)
2 (4.34)
For a surface mounted PMSM (Lsd = L
s
q), the electromagnetic torque can
be expressed as
Te =
3
2
pψPM i
s
q (4.35)
Thus the torque producing current can be written as follows:
isq =
2
3
Te
pψPM
(4.36)
Substituting (4.36) in (4.34), the relationship between the stator flux link-
age and the electromagnetic torque is obtained.
|ψs| =
√[
ψ2PM +
(2
3
TeLsq
pψPM
)2]
(4.37)
Thus for maximal torque per ampere operation the required value of the
stator flux linkage reference is
|ψs∗| =
√[
ψ2PM +
(2
3
T ∗e Lsq
pψPM
)2]
(4.38)
4.3.3 Simulation Results
In order to analyze the performance of the conventional DTC fed by a VSI
for a PMSM, simulation tests have been carried out by means of the Mat-
Lab/Simulink package. In this case, the sampling period has been set to
Ts = 50µs. The parameters of the PMSM employed throughout the simula-
tion tests are given in table 4.4.
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Steady state performance
The analysis of the steady state performance has been carried out with the
following settings:
• Torque reference, Te = 0.64 Nm (rated torque)
• Flux reference, |ψs∗| =
√[
ψ2PM +
(
2
3
T ∗e Lsq
pψPM
)2]
• Torque hysteresis bands, BTe = ±2.5% of rated torque.
• Flux hysteresis bands, Bψs = ±2.5% of the permanent magnet flux.
The electromagnetic torque, stator flux linkage modulus, and its α− β
components are shown in Fig. 4.18. Both the stator flux modulus and the
electromagnetic torque follow their references. Due to the lower inductances
of a PMSM, the electromagnetic torque ripple is slightly higher compared to
a DTC-IM drive.
One of the DTC features is the indirect control of the stator currents
(with approximately sinusoidal waveforms). The indirect control of the sta-
tor currents can be proved by means of the sinusoidal performance of its
α− β components.
To achieve the desired electromagnetic torque with minimum stator cur-
rent, the function ψs∗(Te∗) is used to set the correct stator flux reference
value. As explained in section 4.3.2, to ensure maximum torque per ampere,
the stator current direct axis component isd must be forced to zero.
Figure 4.19 shows both the direct axis isd and the quadrature axis i
s
q cur-
rents. It can be seen that the direct axis current isd is zero. This fact proves
the maximum torque per ampere operation of the DTC. Varying the torque
producing current isq, the torque angle δ can be changed to achieve the de-
sired torque. The stator flux components, in the rotating d-q frame, ψsd and
ψsq are also shown in Fig. 4.19. As expected, the direct axis flux component
ψsd equals the permanent magnet flux ψPM = 0.046Wb. The quadrature axis
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Figure 4.18: DTC for PMSM. Steady state performance.
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Figure 4.19: DTC for PMSM. Maximum torque per ampere.
flux component makes the stator flux vector to move away from the d-axis
(by a angle δ), hence, producing the desired torque.
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A zoomed area of the electromagnetic torque, the stator flux linkage, and
the applied vector is shown in Fig. 4.20 when the stator flux vector is lying
in sector 1. The torque and flux hysteresis comparators bands are also de-
picted. From the figure, the influence of the applied vectors, depending on
the hysteresis comparators states, can be analyzed.
0.14 0.141 0.142 0.143 0.144
0.6
0.65
0.7
T e
 
(N
m)
Steady state performance
0.14 0.141 0.142 0.143 0.144
0.048
0.05
0.052
|ψs
| (W
b)
0.14 0.141 0.142 0.143 0.144
0
5
Time (s)
Vo
lta
ge
 ve
ct
or
Figure 4.20: DTC for PMSM. Switching strategy for flux vector lying in
sector 1.
The sinusoidal performance of the α− β components of the stator flux
and the circular trajectory of its modulus are shown in Fig. 4.21. Again, the
circular trajectory of the stator flux vector, following its reference within the
corresponding hysteresis bands, is corroborated.
Transient performance
The transient behavior of the conventional DTC fed by a VSI for a PMSM
is analyzed here. The problem of the start-up transient discussed in sec-
tion 4.2.3 for a DTC-IM drive is solved when using a PMSM. When a IM
is employed, the machine cannot be magnetized prior to a non-zero electro-
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Figure 4.21: DTC for PMSM. Stator flux linkage trajectory.
magnetic torque command. Due to the permanent magnets flux ψPM , before
any excitation, a constant flux is already present in the machine. This va-
lue corresponds to the flux reference delivered by the stator flux reference
generator shown in Fig. 4.17. When the electromagnetic torque reference is
set to zero, from (4.38), derived in section 4.3.2, |ψs|∗ = ψPM is obtained.
As a Consequence, the electromagnetic torque response of PMSM during the
start-up process is much faster compared to that of an IM.
Figure 4.22 shows the performance of both the electromagnetic torque and
the stator flux during the start-up process. A step command in the torque
reference, going from zero to the rated torque, was imposed at t = 0.02s to
carry out the test. The figure shows that prior to the torque step command,
the stator flux is the one delivered by the permanent magnets, and the fast
response of both the flux and electromagnetic torque when the step command
takes place.
A transient test in which a step command in the electromagnetic torque
reference, going from positive rated torque TeN to negative rated torque−TeN ,
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Figure 4.22: DTC for PMSM. Start-up transient.
is introduced at t = 0.25 s to analyze the transient performance and the de-
coupled control capability of the electromagnetic torque and the stator flux.
The electromagnetic torque, the α− β components of the stator flux (ψsα
and ψsβ) and the measured currents (i
s
α and i
s
β) are shown in Fig. 4.23. As it
can be noted, the DTC-PMSM drive shows a very fast response in the elec-
tromagnetic torque. From flux α− β components it is noted that also the
speed reversal is very fast due to the very low inertia of the system (PMSM
+ hysteresis brake). It can be seen how the stator flux modulus remains
constant during the electromagnetic torque transient5, showing an effective
decoupled control of both variables.
The decoupled control capability can also be analyzed by means of the di-
rect isd and quadrature i
s
q currents. As shown in Fig. 4.24, the flux producing
current isd remains at zero to ensure maximum torque per ampere operation
of the drive, whereas the torque producing current isq shows the same tran-
5The stator flux reference |ψs∗| remains constant as the modulus of T ∗e is the same for
both torque references (see equation (4.38)).
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Figure 4.23: DTC for PMSM. Torque step transient.
sient performance as the electromagnetic torque shown in Fig. 4.23.
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Figure 4.24: DTC for PMSM. Torque step transient.
The stator flux components, in the rotating d-q frame, ψsd and ψ
s
q , are
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Table 4.5: DTC advantages and disadvantages.
Advantages Disadvantages
No coordinate transformation is needed Possible problems during start up
Absence of separate modulation block Flux and torque estimators are needed
Current PI controllers are not required Varying switching frequency
Very fast torque response High torque ripple
also shown in Fig. 4.24. Due to the maximum torque per ampere operation
of the DTC, the direct axis flux component ψsd equals the permanent magnet
flux ψPM = 0.046Wb. To produce the desired electromagnetic torque, the
quadrature axis flux component ψsq forces the stator flux vector to move away
from the d-axis (by a angle δ).
4.4 Improvements on Direct Torque Control
The main features of the DTC have been shown in the previous sections.
These features can be classified as follows:
• Direct control of both stator flux linkage and electromagnetic torque
by selecting the optimum inverter voltage vectors.
• Indirect control of currents (approximately sinusoidal) and voltages.
• High dynamic performance.
• The inverter switching frequency depends on the widths of both flux
and torque hysteresis bands.
Table 4.5 summarizes the main advantages and disadvantages of the DTC.
Intensive research is being made and different approaches have been pro-
posed to improve the conventional DTC performance. Most of these ap-
proaches are devoted to reduce the inherent high torque ripple associated with
this control strategy and can be classified, regarding the solution adopted, as
follows:
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• Modification of the conventional switching table and hysteresis com-
parators.
• Introduction of Space Vector Modulation.
• DTC with zero vector duty ratio control.
• Use of different converters topologies.
Modification of the conventional switching table and the hysteresis
comparators
There are several solutions consisting in the modification of the switching
table and the hysteresis comparators. The easiest solution is to divide the
stator flux linkage vector path into twelve sectors [59] instead of six as in the
conventional switching table. As it has been explained in section 4.2, in the
conventional DTC, with the flux vector lying in any sector, there are two vol-
tage vectors presenting torque ambiguity. Hence, these two vectors can not be
used. The twelve sectors switching table addresses this problem and a new
torque four-level hysteresis comparator is introduced, being able to distin-
guish between small and large torque errors. However, the results in [59] are
not as good as expected and a non remarkable improvement of 9% in the flux
integral square error is achieved, while making worse the torque performance.
Other solutions consist in the use of different optimum switching tables
[62] depending on the operating point of the machine. It is well known that,
due to the back EMF variation, zero vectors have different effect at differ-
ent speeds. In the high speed region zero vectors produce a large decrease
in torque, whereas at low speeds they maintain it almost constant. Sev-
eral switching tables can be obtained taking into consideration the effects on
both stator flux and torque of the applied voltage vector at different operat-
ing points.
Discrete Space Vector Modulation (DSVM) [61] consists in dividing the
sampling period into three intervals. Applying different vectors in each of
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these intervals new voltage vectors can be synthesized. As the number of
available vectors is increased, more accurate switching tables can be defined
in which the selection of the voltage vectors can be made according to the
rotor speed, achieving a considerable torque ripple reduction.
DTC with Space Vector Modulation
As the SVM can synthesize any voltage vector, this technique can be used
to synthesize a voltage vector that force the torque and flux errors to zero.
In [63] a deadbeat controller is used to calculate the reference voltage vector
which will be synthesized by the SVM block. Although very good perfor-
mance is achieved, the method involves the calculation of a reference voltage
vector and more complex computational algorithms. Hence, loosing the sim-
plicity of the conventional DTC. Moreover, an accurate machine model is
required.
A method similar to the Stator Field Oriented Control (SFOC) without
current control loops is proposed in [64]. This strategy uses torque and stator
flux loops with PI controllers to provide the reference voltage vector. Thus,
no machine parameters are used to calculate the reference voltage vector as
in [63]. However, due to the integral action of the PI controllers, the torque
response is slower.
DTC with zero vector duty ratio control
Another alternative to the conventional DTC is the DTC with zero vector
duty ratio control. It consists in the amplitude variation of the inverter vol-
tage vectors applying the vector delivered by the conventional switching table
during a portion of the sampling period and a zero vector for the remaining
time. The duty ratio (δ) determines the duration of the vector selected by
the switching table. Varying δ a voltage vector with the desired amplitude
can be delivered to the machine terminals achieving a considerable reduction
of the torque ripple without increasing the switching frequency as much as
in the case of SVM methods. The duty ratio can be calculated by means of
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minimizing the torque ripple condition based on a ripple equation derived in
[60]. Other approaches to obtain δ, based on fuzzy logic, has been proposed
[65], [66].
DTC using different converters topologies
As it has been shown, the conventional DTC fed by a standard two-level VSI
has some limitations as the number of available voltage vectors. Techniques
based on SVM can increase this number with vectors of different amplitudes
and directions. Moreover, an increased number of voltage vectors with dif-
ferent amplitudes is achieved in the DTC with zero vector duty ratio control.
However, all the approaches based on these techniques achieve considerable
improvements at the cost of increasing the system complexity.
An alternative way to increase the number of available vectors is to use a
multilevel topology converter. One of the first works in this field was intro-
duced by Takahashi in 1989 [67], in which a new topology with two sets of VSI
using GTO switches is employed to implement a DTC driving an IM. This
new topology was able to deliver the same 18 active vectors of a three-level
VSI. In recent years intensive research have been done in this field. In order
to use all the available vectors of three-level VSI, an extended new switching
table is introduced in [13] and [12]. Also the stator flux and torque hystere-
sis comparators were modified introducing more levels to which compare the
corresponding errors.
As it has been mentioned in chapter 3, in the last years, MC has emerged
to become a good alternative to the conventional VSI. Following the tendency
of using different converter topologies to implement a DTC drive, some au-
thors have investigated the use of MC to improve the DTC performance. The
earliest work was presented in 2001 by D. Casadei [2]6. In addition to the
conventional DTC drive, based on a switching table with two entries to select
the inverter state, based on the flux and torque errors signals, a new entry
was introduced to select the rectification stage vector: the average value of
6A detailed explanation of this method is given in chapter5.
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the sinus of the displacement angle between the input voltage vector and the
corresponding input current vector. The authors claim that this DTC scheme
gives good performance in the high speed range, proven with simulations, but
no investigation have been made to determine how the limit of the voltage
transfer ratio is affected [14].
4.5 Conclusions
In this chapter, the conventional DTC for IM and PMSM has been described
and studied. The features of the conventional DTC (advantages and disad-
vantages) have been analyzed. The benefits of the DTC, as the fast torque
response and indirect control of the stator currents, have been proved.
It is well known that one of the main drawbacks of this control method
is the inherent torque ripple, mainly due to the hysteresis comparators. This
issue is more accentuated when a PMSM is driven by the DTC as its stator
inductance is around 1/2 of that of an IM of similar ratings. However, as it
was mentioned in section 2.2.2 of chapter 2, the PMSM is gaining attention
due to its great benefits over the IM and is, nowadays, a very close competi-
tor to IM drives in many industrial applications.
Moreover, different methods, proposed in the literature, to improve the
conventional DTC performance have been reviewed. Most of the methods
presented involve an increase in the complexity of the control algorithm.
Chapter 5
DTC-PMSM Drives using
Matrix Converters: The use of
small vectors
5.1 Introduction
Several methods, proposed in the literature, to improve the conventional
DTC performance were reviewed in section 4.4 of chapter 4. These methods
were classified regarding the solution adopted, the use of an alternative power
converter topology being one of them. In chapter 3, the advantages of the
MC over the conventional VSI were highlighted.
This chapter starts describing the DTC using a MC proposed in [2]1, driv-
ing an IM. The same control method is then implemented using a PMSM.
The merits and demerits of the method are analyzed by means of simulation
and experimental tests.
1This control method will be, hereinafter, referred to as Classical DTC using MC, or
simply, Classical method.
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A new DTC using small vectors of MCs2, which reduces the electromag-
netic torque ripple is presented. Finally, both methods are analyzed and
compared by means of simulation and experimental tests.
5.2 Classical DTC using Matrix Converters
MCs and VSIs were analyzed in chapter 3 and it was shown that the MCs can
generate active voltage vectors with the same direction of those generated by
conventional VSIs, but with varying amplitudes (pulsating vectors). In fact,
as it was shown in table 3.2, at any instant, there are three groups of voltage
vectors with different amplitudes and equal direction. The output voltage
vectors and the input current vectors of a MC are shown in Fig. 5.1 (a)3 and
(b) respectively.
Figure 5.1: MC vectors. (a) Output voltage vectors. (b) Input current
vectors.
The magnitude of the output voltage ~vo and input current ~ii vectors de-
2Hereinafter referred to as proposed method.
3V1− V6 denotes MC vectors having the same direction as vectors V1− V6 delivered by
a VSI.
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pend on the instantaneous input line-to-neutral voltages and output line cur-
rents respectively, as it was shown in table 3.2 in chapter 3. Dividing the
input voltage vector path into six sectors, with sector one starting at −pi/6
as shown in Fig. 5.2, those vectors with larger amplitudes can be used by the
DTC algorithm depending on the sector in which the input voltage vector is
lying. It is noted that these vectors (large vectors V L) do not change their
direction within a given sector. Moreover, it should be noted that for every
sector there are four large vectors (two of them in one direction and the other
two in the opposite direction) and two vectors with smaller amplitudes (small
vectors V S). However, as it can be seen in Fig. 5.2, small vectors change
their direction in the middle of the sector. Hence, they cannot be used by
the DTC algorithm.
Figure 5.2: Amplitude variation of the input voltages. Six sectors division.
Moreover, for a given sector there are six current vectors. As shown in
Fig. 5.1(b), these current vectors have different directions. In table 3.2 of
chapter 3, the MC states were classified in groups. The first three groups
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correspond to the active vectors (pulsating vectors) of the MC. Each of these
three groups contain six different states corresponding to the same input line
current amplitude; ±2/√3 of the corresponding output line current.
As it was explained in chapter 4, the DTC principle is based in the control
of the stator flux vector (which can be approximated by ∆ ~ψs ≈ ~vs∆t), and
this depends on the voltage vector direction delivered by the VSI.
The MC can deliver two output voltage vectors V L fulfilling the DTC
demands (with the same direction of that delivered by a VSI ). These two
states of the MC imposes two input current vectors with different direction
as shown in Fig. 5.1 (b). One of these vectors will contribute to a leading
current, whereas the other will contributed to lag the input current vector.
This extra degree of freedom can be exploited introducing a third control
variable, such as the average value of the sine of the displacement angle φ
between the input line current vector and the input line-to-neutral voltage
vector, to keep under control the input power factor (pf). This require-
ment (pf = 1) is accomplished if this third variable is kept close to zero
< sinφ >≈ 0. The average value of sinφ can be obtained applying a of a
low-pass filter to its instantaneous value. In order to control this new vari-
able, a new hysteresis controller is introduced as shown in Fig. 5.3.
The estimators of the stator flux, electromagnetic torque, and < sinφ >,
require the knowledge of the voltages and currents at the input and output
side of the MC. Nevertheless, only the input voltages and output currents
are measured. The other quantities are calculated on the basis of (3.16) and
(3.17) derived in chapter 3.
The new control algorithm will select the switching state of the MC that
generates a voltage vector with the same direction to that selected by the
conventional DTC control algorithm4. Based on the fact that the magnitude
4The conventional DTC is analyzed in chapter 4.
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Figure 5.3: DTC fed by MC. Block diagram.
Table 5.1: DTC using MC optimum voltage vector selection table.
~vi sector 1 2 3 4 5 6
Hφ +1 -1 +1 -1 +1 -1 +1 -1 +1 -1 +1 -1
V1 -3 1 2 -3 -1 2 3 -1 -2 3 1 -2
V2 9 -7 -8 9 7 -8 -9 7 8 -9 -7 8
V3 -6 4 5 -6 -4 5 6 -4 -5 6 4 -5
V4 3 -1 -2 3 1 -2 -3 1 2 -3 -1 2
V5 -9 7 8 -9 -7 8 9 -7 -8 9 7 -8
V6 6 -4 -5 6 4 -5 -6 4 5 -6 -4 5
and direction of the output voltage vectors depend on the sector in which the
input voltage vector is lying, a new MC switching table can be developed.
Table 5.1 shows the switching table for the implementation of the DTC us-
ing a MC [2]. The first column contains the VSI voltage vectors selected by
the conventional DTC. The top row contains the sector in which the input
voltage vector lies. Depending on the pf control needs Hφ , one of the two
sub-columns (+1,−1) are selected. From Fig. 5.2, table 5.1 and table 3.2,
it can be seen that only those vectors having the maximum amplitude are
considered for the DTC.
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The criteria utilized to select the proper MC state can be clarified by
means of an example. Assuming that V1 is the output voltage vector selected
by the conventional DTC control algorithm, from Fig. 5.1 (a) it is noted that
one of the switching states ±1, ±2 or ±3 should be selected. Since the mag-
nitude and direction of these voltage vectors depends on the input voltages,
only those having the same direction as V1 will be taken into consideration.
If the input line-to-neutral voltage vector lies in sector 1, the switching states
+1 and −3 can be chosen. From Fig. 5.1 (b), it can be seen that these two
switching states corresponds to input current vectors lying on the sector 1
boundary directions. If a power factor increase is needed, that is, the average
value of sinφ has to be decreased, the switching state −3 has to be selected.
On the other hand, if a power factor decrease is needed, that is, < sinφ >
has to be increased, the switching state +1 should be selected. When the
torque error is within the hysteresis comparator bands a zero vector which
minimizes the number of commutations is selected [2].
5.2.1 Simulation Results
As it has been mentioned in chapter 4, the DTC switching table for a PMSM
is identical to the one used for an IM. Thus, the classical DTC using a MC
for an IM, developed in [2], can be used to drive a PMSM as well.
Here, the performance of the classical DTC using MC driving a PMSM
is analyzed by means of simulation tests. The simulation models were pro-
grammed using the MatLab/Simulink package. The PMSM is the same as
the one used in section 4.3.3 of chapter 4, where the PMSM parameters are
given in table 4.4.
Steady state performance
The DTC settings to analyze the steady state performance are as follows:
• Sampling period, Ts = 50µs
• Torque reference, Te = 0.64 Nm (rated torque)
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• Flux reference, |ψs∗| =
√[
ψ2PM +
(
2
3
T ∗e Lsq
pψPM
)2]
• Torque hysteresis bands, BTe = ±2.5% of rated torque.
• Flux hysteresis bands, Bψs = ±2.5% of the permanent magnet flux.
• Rotor speed, 100 rpm
It should be noted that the DTC settings are the same as those for the
simulation tests of the DTC using a VSI to drive a PMSM presented in sec-
tion 4.3.3 of chapter 4, so that both systems can be compared.
Firstly, the electromagnetic torque Te and the stator flux linkage modulus
|ψs| are shown in Fig. 5.4. It can be seen how both variables follow their
respective reference values T ∗e and |ψs∗|.
The sinusoidal behavior of the stator flux and currents α− β components,
demonstrates the indirect control capability of the DTC over these variables.
Comparing the results with those obtained in Fig. 4.18, it can be notice
the performance similarity of both systems. Also, the electromagnetic torque
ripple remains almost the same as in the case of the VSI fed DTC-PMSM
analyzed in chapter 4.
The stator flux reference has been set using the function ψs∗(T ∗e ) to achieve
the desired electromagnetic torque with minimum stator current. In order
to prove that the maximum torque per ampere has been achieved, the direct
axis isd and quadrature axis i
s
q currents are shown in Fig. 5.5. As it can be
seen, the flux producing current isd is zero. The d-q components of the stator
flux are also depicted, showing that ψsd = ψPM = 0.046Wb.
The influence of the applied vectors (regarding its direction V0 − V7) is
analyzed in Fig. 5.6, in which, the electromagnetic torque and stator flux
as a function of their respective hysteresis comparators and the applied VSI-
vector are shown when the stator flux vector is lying in sector 1. It can be
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Figure 5.4: DTC-MC for PMSM. Steady state performance.
0.1 0.2 0.3 0.4 0.5
0
0.02
0.04
0.06
ψ ds
 
,
 
ψ qs
 
(W
b)
Steady state performance
0.1 0.2 0.3 0.4 0.5
−2
0
2
4
Time (s)
i ds
 
,
 
i qs
 
(A
)
Figure 5.5: DTC-MC for PMSM. Maximum torque per ampere.
noticed that the DTC algorithm obey the conventional VSI fed DTC rules.
As it has been mentioned in section 5.2, the magnitude and direction of
the MC states corresponding to active vectors will depend on the input volt-
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Figure 5.6: DTC-MC for PMSM. VSI switching strategy for flux vector lying
in sector 1.
ages. The DTC-MC algorithm will select a MC state according to the VSI
vector and the input voltage vector. The behavior of the DTC-MC algorithm
is corroborated in Fig. 5.7 which shows the VSI vector, the sector in which
the input line-to-neutral voltage vector is lying, and the MC state.
One of the advantages of using MC to implement a DTC-PMSM drive is
the possibility to control the input power factor. Due to the action of the MC
switches, the current at the input side of the MC is a set of pulses with high
di/dt. As it was mentioned in chapter 3, the main purpose of the input power
filter is to filter out the high frequency components of the MC input currents
generating sinusoidal currents at the mains. Since only the input voltages
and output currents are measured, output voltages and input currents are
calculated on the basis of the switching states of the MC. With the aid of
Kirchhoff’s laws and Fig. 3.5 of chapter 3, the input filter can be modeled,
for simulation purposes, as follows:
vsi(t) = vi(t) + Lf
d
dt
(
ii(t) + Cf
dvi(t)
dt
− vs(t)− vi(t)
Rf
)
(5.1)
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Figure 5.7: DTC-MC for PMSM. MC switching strategy for flux vector lying
in sector 1.
Applying the Laplace transform to (5.1),
vi(s) =
vsi(s) (Lfs+Rf )− ii(s)RfLfs
RfLfCfs2 + Lfs+Rf
(5.2)
The following expression, in terms of the Laplace transform, for the cur-
rents at the mains can be easily found.
isi(s) = ii(s) + Cfsvi(s) (5.3)
Replacing (5.3) in (5.2),
isi(s) =
Lfs+Rf
RfLfCfs2 + Lfs+Rf
ii(s) +
LfCfs
2 +RfCfs
RfLfCfs2 + Lfs+Rf
vsi(s) (5.4)
Equation (5.2) states that if the filter parameters are calculated properly,
the MC input voltages (vA, vB, and vC), will be similar to those at the mains
(vSA, vSB, and vSC). From (5.4) it can be seen that the currents from the
mains (iSA, iSB, and iSC) are a filtered component of the MC input currents
(iA, iB, and iC), plus a filtered component of the voltages at the mains. Due
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to the low frequency nature of these voltages, it can be assumed that the
effects in isi are negligible [68].
For simulation purposes an input filter with the following parameters has
been designed:
Table 5.2: Input filter parameters.
Dumping resistor Rf 40 Ω
Inductance Lf 6.5 mH
Capacitor Cf 10 µF
In relation to the input currents waveforms and the power factor correc-
tion, Fig. 5.8 shows the input voltage vSA and input current iSA. It can be
observed that both variables are in phase showing a good behavior regard-
ing the power factor control. The filter action can be noted comparing the
filtered current iSA with the MC input current iA. The figure also shows the
control variable < sinφ > which, due to the control action of the correspon-
ding hysteresis controller, is kept very close to zero ensuring a power factor
very close to unity.
Transient performance
Here, the transient performance of the classical DTC using MC is analyzed
by means of a step torque command, going from the positive rated torque to
the negative rated torque, at t = 0.25s. Firstly, the dynamic performance of
the electromagnetic torque is shown in Fig. 5.9. It can be seen a very fast
electromagnetic torque response, similar to the VSI fed DTC-PMSM drive
analyzed in chapter 4. The α− β components of the stator flux ψsα and ψsβ,
and its modulus is also shown in Fig. 5.9. The stator flux modulus remains
constant during the electromagnetic torque step, corroborating the effective
decoupled control over these two variables. The sinusoidal waveforms of the
stator currents α− β components demonstrates the indirect control capabil-
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Figure 5.8: DTC-MC for PMSM. Power factor control capability.
ity of the DTC using MC.
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Figure 5.9: DTC-MC for PMSM. Torque step transient.
The decoupled control performance can also be analyzed by means of the
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direct and quadrature currents isd and i
s
q. As it can be seen in Fig. 5.10,
the flux producing current isd is zero, ensuring maximum torque per ampere
operation of the drive. On the other hand, the torque producing current isq
shows the same transient behavior as the electromagnetic torque shown in
Fig. 5.9.
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Figure 5.10: DTC-MC for PMSM. Torque step transient.
The stator flux d-q components ψsd and ψ
s
q , are also shown in Fig. 5.10.
The direct axis stator flux component ψsd equals the permanent magnet flux
(ψsd = ψPM = 0.046Wb) due to the maximum torque per ampere operation
of the DTC. In contrast, the quadrature stator flux component ψsq , forces a
displacement of the stator flux vector (an angle increment ∆δ) producing the
desired electromagnetic torque.
5.2.2 Experimental Results
In order to corroborate the results obtained in section 5.2.1, the system is
analyzed by means of experimental tests. The rig employed for the experi-
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mental tests is shown in Fig. 5.11.
Figure 5.11: DTC-MC for PMSM. Experimental rig.
Steady state performance
The DTC settings to analyze the steady state performance are the same as
those employed in the simulation tests.
The electromagnetic torque Te and the stator flux linkage modulus |ψs|
are shown in Fig. 5.12. Both variables follow their respective reference values
T ∗e and |ψs∗|. Moreover, the indirect control capability over the stator flux
and currents can be seen from the sinusoidal behavior of these variables.
The function ψs∗(T ∗e ) has been employed to set the stator flux reference
in order to achieve the desired electromagnetic torque with minimum stator
current. The direct axis isd and quadrature axis i
s
q currents are shown in Fig.
5.13 where it can be seen that the flux producing current isd is zero, thus
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Figure 5.12: DTC-MC for PMSM. Steady state performance.
demonstrating the maximum torque per ampere operation. The d-q compo-
nents of the stator flux are also depicted, showing that ψsd = ψPM = 0.046Wb.
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Figure 5.13: DTC-MC for PMSM. Maximum torque per ampere.
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Transient performance
The transient performance of the classical DTC using MC is analyzed by
means of a step torque command, going from the positive rated torque to
the negative rated torque, at t = 0.25s. the dynamic performance of the
electromagnetic torque can be analyzed in Fig. 5.14.
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Figure 5.14: DTC-MC for PMSM. Transient performance.
The experimental test has similar performance to that obtained in section
5.2.1, showing a very fast electromagnetic torque response. As shown, dur-
ing the electromagnetic torque step the stator flux modulus remains constant,
corroborating the effective decoupled control over these two variables. Again,
the sinusoidal waveforms of the stator currents and flux α− β components
demonstrates the indirect control capability of the DTC using MC.
As it has been mentioned, the decoupled control capability can also be
analyzed by means of the direct and quadrature currents isd and i
s
q. As it can
be seen, the flux producing current isd shown in Fig. 5.15 remains at zero
during the torque step. This will ensure maximum torque per ampere opera-
tion of the drive. The torque producing current isq, on the other hand, shows
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the same transient behavior as the electromagnetic torque shown in Fig. 5.14.
The direct axis stator flux component ψsd equals the permanent magnet
flux (ψsd = ψPM = 0.046Wb) due to the maximum torque per ampere ope-
ration of the DTC drive. The quadrature stator flux component ψsq , shows
a similar transient behavior as the quadrature axis current isq, forcing a dis-
placement of the stator flux vector (an angle increment ∆δ) producing the
desired electromagnetic torque.
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Figure 5.15: DTC-MC for PMSM. Torque step transient.
5.3 The Use of Small Voltage Vectors of Ma-
trix Converters
In the classical DTC using MC discussed in section 5.2, the input voltage
vector path was divided into six sectors. With the first sector starting at
−pi/6 rad, it was shown in Fig. 5.2 that, for a given sector, those vectors
having smaller amplitude (small vectors V S) were useless for DTC due to
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their change of direction in the middle of the sector. In order to make them
useful for the DTC, it is possible to organize the sector division in such a way
that no vector changes its direction in the middle of a sector. This can be
done dividing the voltage vector path into twelve sector as shown in Fig. 5.16.
Figure 5.16: Amplitude variation of the input voltages. Twelve sectors divi-
sion.
Now, there is a vector with smaller amplitude that can be used, allow-
ing the DTC algorithm to distinguish between small and large torque errors.
Moreover, this sector division permits to conceive the MC as a three-level
converter (regarding its vectors magnitudes), however, this approach is out
of the scope of this thesis and will not be discussed here.
In steady state, especially at low and medium speeds, low voltage vectors
could be sufficient to fulfil DTC torque demands. Since there is only one
vector with such properties available in a given sector, the pf could not be
controlled.
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Another possibility is to divide the input voltage vector path into six sec-
tors making the first sector to start at 0 rad as shown in Fig. 5.17.
Figure 5.17: Amplitude variation of the input voltages. Six sectors division
with sector 1 starting at 0 rad.
Now, for a given sector, there will be two large vectors (V L) and four
small vectors (V S). Since there is no vectors changing their direction in the
middle of the sector, all six vectors can be used to implement the DTC. The
DTC algorithm is now able to apply small and large voltage vectors, hence,
it will be able to distinguish between small and large torque errors while con-
trolling the pf .
As it was explained in section 5.2, for a given vector direction imposed
by the DTC algorithm and a determined sector in which the input voltage
vector lies, there will be three vectors that can be selected. In the proposed
scheme, these three vectors are divided in a large vector and two small vectors.
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It has been mentioned that the proposed DTC algorithm will be able to
distinguish between small (S±) and large (L±) positive and negative torque
errors. This distinction is achieved replacing the electromagnetic torque hys-
teresis controller by the new four level one shown in Fig. 5.18.
Figure 5.18: Four level hysteresis comparator.
The criteria to select large, small or zero vectors is shown in Fig. 5.19.
When a small torque error is detected, the proposed DTC algorithm will
impose a small vector to be delivered by the MC. As shown in Fig. 5.19,
a small voltage vector will contribute to an electromagnetic torque variation
with medium slope. If a large electromagnetic error is detected by the hystere-
sis comparator, a large voltage vector will be imposed by the DTC algorithm,
contributing to a high slope electromagnetic torque variation. Torque errors
lying within the small errors bands, will force the MC to deliver a zero vector.
Zero vectors will contribute to a small slope electromagnetic torque variation.
The inner torque hysteresis bands in the proposed method can be set to
a lower value than the torque hysteresis bands in the classical method. The
outer bands in the proposed method can be seen as security limits above
which the large vectors are used in order to quickly force the torque towards
its reference value.
Based on the above considerations, a new switching table is developed.
The new look up table is shown in table 5.3. The first column contains the
vectors delivered by the conventional DTC fed by a VSI. However, these vec-
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Figure 5.19: Contribution of applied voltages vectors.
tors are divided into small and large vectors V SV SI and V
L
V SI respectively. The
rest of columns corresponds to the sector in which the input line-to-neutral
voltage vector lies. Depending on the power factor hysteresis controller Hφ,
each vector is divided into two different MC states (sub-columns). Similarly
to what was explained in section 5.2, when the torque error is within the inner
bands of the four level hysteresis controller, a zero vector which minimizes
the number of commutations is selected5.
In addition to the ability to deliver small and large voltage vectors, the
proposed input voltage sector division also improves the voltage transfer ratio
compared with the classical DTC using MCs presented in section 5.2.
Figure 5.20 shows a zoomed area of (a) Fig. 5.2 and (b) Fig. 5.17 re-
spectively. In the classical method shown in Fig. 5.20 (a), the large voltage
vectors vary their amplitude from 50% of the peak value, up to the peak va-
lue. On the other hand, the proposed method shown in Fig. 5.20 (b) employ
large voltage vectors with an amplitude variation going from 86.6% of the
5This criteria to select zero vectors is discussed in chapter 6 and an alternative criteria
is also proposed.
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Table 5.3: DTC voltage vector selection table using small vectors of MC.
Input voltage sector
1 2 3 4 5 6
Hφ +1 -1 +1 -1 +1 -1 +1 -1 +1 -1 +1 -1
V L1 -3 -3 +2 +2 -1 -1 +3 +3 -2 -2 +1 +1
V S1 +2 +1 -1 -3 +3 +2 -2 -1 +1 +3 -3 -2
V L2 +9 +9 -8 -8 +7 +7 -9 -9 +8 +8 -7 -7
V S2 -8 -7 +9 +7 -9 -8 +8 +7 -7 -9 +9 +8
V L3 -6 -6 +5 +5 -4 -4 +6 +6 -5 -5 +4 +4
V S3 +5 +4 -4 -6 +6 +5 -5 -4 +4 +6 -6 -5
V L4 +3 +3 -2 -2 +1 +1 -3 -3 +2 +2 -1 -1
V S4 -2 -1 +1 +3 -3 -2 +2 +1 -1 -3 +3 +2
V L5 -9 -9 +8 +8 -7 -7 +9 +9 -8 -8 +7 +7
V S5 +8 +7 -7 -9 +9 +8 -8 -7 +7 +9 -0 -8
V L6 +6 +6 -5 -5 +4 +4 -6 -6 +5 +5 -4 -4
V S6 -5 -4 +4 +6 -6 -5 +5 +4 -4 -6 +6 +5
peak value, up to the peak value.
The large voltage drop, present in the classical method, can be undesir-
able when the drive runs at the rated conditions. Under such conditions, the
DTC needs to deliver ”true” large voltage vectors, otherwise the drive could
not reach its rated conditions.
Figure 5.20: Voltage transfer ratio. (a) Classical method. (b) Proposed
method
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5.3.1 Simulation Results
Here, the performance of the proposed DTC driving a PMSM is analyzed
by meas of simulation tests. The simulation models were programmed using
the MatLab/Simulink package. The PMSM is the same as the one used in
section 4.3.3 of chapter 4, where the PMSM parameters are given in table 4.4.
Steady state performance
The DTC settings to analyze the steady state performance are as follows:
• Sampling period, Ts = 50µs
• Torque reference, Te = 0.64 Nm (rated torque)
• Flux reference, |ψs∗| =
√[
ψ2PM +
(
2
3
T ∗e Lsq
pψPM
)2]
• Torque hysteresis outer bands, BTLe = ±2.5% of rated torque.
• Torque hysteresis inner bands, BT Se = ±1.8% of rated torque.
• Flux hysteresis bands, Bψs = ±2.5% of the permanent magnet flux.
• Rotor speed, 100 rpm
It should be noted that the DTC settings are the same as those for the
simulation tests of section 5.2.1. The only difference between the settings of
both methods is the hysteresis bands. However, as it has been mentioned,
the hysteresis inner bands are set to a lower value than the hysteresis bands
of the classical method and the outer bands can be seen as security limits
above which the large vectors are used in order to quickly force the torque
towards its reference value.
The electromagnetic torque Te and the stator flux modulus |ψs| are shown
in Fig. 5.21. Comparing the results with those obtained in Fig. 5.4, it can
be noted that both variables follow their respective reference values, T ∗e and
|ψs∗|, with less ripple than in the classical method. The sinusoidal behavior
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Figure 5.21: DTC-MC using small vectors. Steady state performance.
of the α− β components of the stator flux and currents demonstrates the
indirect control of these variables. Moreover, the ripples of these variables
are smaller than in the classical method.
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Figure 5.22: DTC-MC using small vectors. Maximum torque per ampere.
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Figure 5.22 shows the d-q components of the stator currents isd and i
s
q.
The flux producing current is zero (isd = 0) demonstrating the effectiveness
of the maximum torque per ampere operation. The direct and quadrature
axis components of the stator flux, ψsd and ψ
s
q , are also shown in Fig. 5.22.
As expected, ψsd = ψPM = 0.046Wb. The d-q components of the stator flux
and currents shown in Fig. 5.22 can be also compared with the ones shown
in Fig. 5.5. The ripple of these quantities is again smaller in the proposed
method.
The switching strategy for the proposed method is shown in Fig. 5.23.
The electromagnetic torque, stator flux and their respective hysteresis bands
are shown when the flux vector lies in sector one. As dictated by the rules of
the conventional DTC, the corresponding VSI voltage vector are then shown.
Finally, the figure shows whether the applied vector correspond to small or
large vectors.
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Figure 5.23: DTC-MC using small vectors. Switching strategy for flux vector
lying in sector one.
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The input voltage vSA and input current iSA are shown in Fig. 5.24.
Since both variables are in phase, the power factor control capability of the
proposed method is corroborated. However, since the proposed method will
apply zero vectors more often than the classical method, the average switching
frequency will be reduced and, hence, closer to the the filter cut-off frequency.
Moreover, since the proposed method will not be able to control the input
power factor when applying large vectors, higher distortion in the input cur-
rents will be introduced. This can be noted from the difficulty to keep the
power factor control variable < sinφ > close to zero shown in 5.24.
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Figure 5.24: DTC-MC using small vectors. Power factor control capability.
Transient performance
The transient performance of the DTC using small vectors of the MC is ana-
lyzed by means of a step torque command, going from the positive rated
torque to the negative rated torque, at t = 0.25s. The dynamic performance
of the electromagnetic torque is shown in Fig. 5.25. It can be seen a very fast
electromagnetic torque response, similar to the classical DTC using MC drive
analyzed in section 5.2.1. The α− β components of the stator flux ψsα and
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ψsβ, and its modulus are also shown in Fig. 5.25. As it can be seen, the sta-
tor flux modulus remains unaltered during the electromagnetic torque step,
corroborating the effective decoupled control of both variables. The indirect
control capability of the DTC using MC is demonstrated by the sinusoidal
waveforms of the stator currents α− β components.
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Figure 5.25: DTC-MC using small vectors. Transient performance.
Another way to analyze the decoupled control performance is by means
of the direct and quadrature currents isd and i
s
q. The flux producing current
isd is zero as shown in Fig. 5.26. This ensures maximum torque per ampere
operation of the drive. Moreover, this current remains constant during the
torque step demonstrating the decoupled control capability of the system.
The torque producing current isq shows the same transient behavior as the
electromagnetic torque shown in Fig. 5.25.
5.3.2 Experimental Results
The proposed DTC driving a PMSM is analyzed by means of experimental
tests using the rig shown in Fig. 5.11 (see section 5.2.2). The DTC settings
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Figure 5.26: DTC-MC using small vectors. Decoupled control capability.
are the same as those for the simulation tests of section 5.3.1.
Steady state performance
Firstly, the electromagnetic torque Te and the stator flux modulus |ψs| are
analyzed. These two variables are shown in Fig. 5.27. Comparing these
results with those obtained with the classical method in Fig. 5.12 of section
5.2.2, it should be noted the ripple reduction obtained with the proposed
method.
The sinusoidal behavior of the α− β components of the stator flux and
currents demonstrates the indirect control of these variables. Moreover, the
ripples of these variables are shown to be smaller than in the classical method.
The d-q components of the stator currents isd and i
s
q are shown in Fig. 5.28.
The effectiveness of the maximum torque per ampere operation is achieved
since the flux producing current is zero (isd = 0). The direct and quadrature
axis components of the stator flux, ψsd and ψ
s
q , are also shown in Fig. 5.28 in
which, as expected, it can be seen that ψsd = ψPM = 0.046Wb.
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Figure 5.27: DTC-MC using small vectors. Steady state performance.
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Figure 5.28: DTC-MC using small vectors. Maximum torque per ampere.
Comparing the d-q components of the stator flux and currents shown
in Fig. 5.28 with the results obtained employing the classical method, and
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shown in Fig. 5.22, it can be noted that the ripple of these quantities is again
smaller in the proposed method.
Transient performance
The transient performance of the DTC using small vectors of the MC is ana-
lyzed by means of a step torque command, going from the positive rated
torque to the negative rated torque, at t = 0.25s. The dynamic performance
of the electromagnetic torque is shown in Fig. 5.29. It should be noted that,
due to the use of large vector during the transient, the electromagnetic torque
response is similar to the classical DTC using MC drive analyzed in section
5.2.2. The α− β components of the stator flux ψsα and ψsβ, and its modu-
lus are also shown in Fig. 5.29. As it can be seen, the stator flux modulus
remains unaltered during the electromagnetic torque step, corroborating the
effective decoupled control of both variables. The indirect control capability
of the DTC using MC is demonstrated by the sinusoidal waveforms of the
stator currents α− β components.
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Figure 5.29: DTC-MC using small vectors. Transient performance.
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The decoupled control performance is also analyzed by means of the direct
and quadrature currents isd and i
s
q. The flux producing current i
s
d is zero as it
can be seen in Fig. 5.30, ensuring maximum torque per ampere operation of
the drive. This current remains constant during the torque step demonstrat-
ing the decoupled control capability of the system. The torque producing
current isq shows the same transient behavior as the electromagnetic torque
shown in Fig. 5.29.
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Figure 5.30: DTC-MC using small vectors. Decoupled control capability.
5.4 Comparison between the Classical and the
Proposed Method
Experimental tests have been carried out at several operating points of the
machine to compare the performance of both systems. The speed is varied
from 100 rpm up to 3000 rpm (rated speed), whereas the torque reference is
varied from 0.1 Nm up to 0.64 Nm (rated torque).
134 Chapter 5: DTC-PMSM Drives using Matrix Converters
5.4.1 Torque and Flux Performance
In order to assess the performance of both systems, the electromagnetic
torque and stator flux ripples are evaluated by means of their respective
standard deviation values. The expression used for the standard deviation of
a generic variable is the following:
σ =
√√√√ 1
n− 1
n∑
i=1
(xi − xˆ)2 xˆ = 1
n
n∑
i=1
xi (5.5)
where n is the number of samples and xi is the actual sample.
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Figure 5.31: Comparison between the classical and the proposed method.
Torque performance.
Torque Performance
The torque performance over all the machine operating points can be eval-
uated from Fig. 5.31. It is noted that the proposed method has better
performance at any operating point. However, it should be emphasized the
higher difference between both methods as the nominal speed is approached.
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As it has been mentioned in section 5.3, this is due to lower voltage transfer
ratio the classical method suffers from. Figure 5.32 shows the torque perfor-
mance of both methods working under nominal conditions (Te = 0.64 Nm
and ω = 3000 rpm).
0.1 0.2 0.3 0.4 0.5
0  
0.25
0.5
0.75
1  
T e
 
(N
m)
Classical method
0.1 0.2 0.3 0.4 0.5
0  
0.25
0.5
0.75
1  
Proposed method
Time (s)
T e
 
(N
m)
Figure 5.32: Comparison between the classical and the proposed method.
Torque performance under nominal conditions.
As the back EMF increases with the speed, the use of large vectors con-
tributing to a torque in the same direction of that imposed by the back EMF,
will lead to large errors in the actual torque. In the classical method only
large vectors are taken into consideration. When these vectors are applied
even when the back EMF is favorable to reach the torque reference value,
the total effect regarding the torque variation will be the sum of the back
EMF effects and those of the applied vector. This will contribute to a torque
variation with a large slope which eventually will contribute to large torque
errors. The worse case, shown inside a red circle in Fig. 5.32, will be when
large voltage vectors coinciding with the peak value of the input voltage are
selected at instant k and a vector coinciding with 50% of the input voltage
peak value is applied at instant k + 1. Due to the large error introduced by
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the vector applied at instant k, the voltage vector applied at instant k + 1
will not be enough to reach the torque reference value. This fact makes the
classical method not only to have larger torque ripple at high speed but also
to have a large steady state error.
In order to evaluate the dependence of this phenomena with speed and
torque, the relative error of the torque mean value is calculated as follows:
Tˆ errore (%) = 100
(
T ∗e − Tˆe
)
T ∗e
(5.6)
The ability of both methods to reach the reference torque value can be
analyzed from Fig. 5.33, which shows the relative error of the torque mean
value over all the machine operating points.
As in the case of the torque ripple, the relative error of the torque mean
value shows better performance in the proposed method at any operating
point. Low values of torque references T ∗e makes the torque mean error Tˆ
error
e
to increase (see (5.6)) especially at high speeds due to the high back emf. It
should be noted the lack of ”true” large vectors of the classical method as it
can not compensate for high values of back emf. On the other hand it can
be seen that the proposed method is less sensitive to this phenomena.
The increased voltage transfer ratio achieved with the proposed method
will also improve the torque transient performance. Since the torque error
will exceed the outer bands of the hysteresis comparator during a torque tran-
sient in the proposed method, the system will impose large vectors during the
transient. As it has been explained in section 5.3, the minimum amplitude
of these vectors will be 36.6% greater than those imposed by the classical
DTC using MCs. This fact will make the torque response faster employing
the proposed algorithm.
The torque transient performance for a torque step of ±0.64 Nm (± rated
torque), comparing both methods, is shown in Fig. 5.34.
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Torque steady state error.
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Torque transient response.
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As it can be seen, the torque transient response is twice faster with the
proposed method.
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Figure 5.35: Comparison between the classical and the proposed method.
Flux performance.
Flux Performance
The stator flux performance (in terms of its ripple (5.5)) of both methods
over all the machine operating points is shown in Fig. 5.35. Although both
systems are very similar, the proposed method shows better performance.
Moreover, the difference between both systems is more relevant at low speed
when high torque is demanded. However, it should be noted that in both
systems the flux ripple is almost constant over all the machine operating
points. Hence, it can be said that the stator flux ripple does not depend
neither on speed nor torque.
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5.4.2 Stator Current Performance
The performance of the stator current have been assessed by means of the
Total Harmonic Distortion (THD). The THD is defined as follows:
THD =
Ih
If
Ih =
√
I22 + I
2
3 + . . .+ I
2
n (5.7)
where In is the RMS value of the n
th harmonic and If is the RMS value
of the fundamental current.
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Figure 5.36: Comparison between the classical and the proposed method.
Stator current performance.
The stator current performance over all the machine operating points is
analyzed in Fig. 5.36. It is noted that the proposed method shows better
performance at any operating point. As in the case of the stator flux ripple,
it should be emphasize the difference between both systems at low torque
values as the rated speed is approached.
Table 5.4 summarizes the improvements achieved by the proposed method
in terms of stator flux and electromagnetic torque ripples, relative error of the
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torque mean value and the stator current THD. The maximum, minimum,
and the average improvement in % is calculated for every improvement vari-
able.
Table 5.4: Improvements of the proposed method.
Improvement σTe (%) T
error
e (%) σ|ψs| (%) THD (%)
max 50.27 37.13 21.22 62.92
min 16.62 0.14 4.12 7.33
average 28.28 7.21 9.64 21.09
It can be seen that higher improvements are achieved in terms of electro-
magnetic torque ripple. However, it should be noted from Figs. 5.31, 5.33,
5.35 and 5.36 that higher improvements can be achieved by other variables
depending on the machine operating point.
Table 5.5 shows the improvements achieved by every variable at different
values of speed and torque.
Table 5.5: Improvements dependency of speed and torque.
Speed/Torque σTe T
error
e σ|ψs| THD
Low/Low Medium Small High Medium
Low/High Medium Small Medium Small
High/Low High High Medium High
High/High High Medium Small High
5.5 Conclusions
The use of MC implementing a DTC to drive a PMSM has been investigated
in this chapter. A new DTC scheme has been developed and compared with
the classical DTC using MC pointing out the benefits of the former. The
proposed method employs not only the large voltage vectors of the MC but
also the small ones. This fact makes possible the inclusion of a four-level
Conclusions 141
hysteresis comparator allowing the DTC to distinguish between small and
large electromagnetic torque errors and, hence, reducing the electromagnetic
torque and stator flux ripples.
The proposed scheme also improves the voltage transfer ratio of the MC
by 36% (50% for the classical method and 86% for the proposed method)
in the worst case. This fact allows the proposed method to reach the rated
operating point of the machine with much less steady state error than the
classical DTC using MC. Moreover, the improvement in the voltage transfer
ratio will make the system to response faster to a torque transient.

Chapter 6
Reducing the Common Mode
Voltage using Matrix
Converters
It is well known that one of the main sources of early motor winding failure
and bearing deterioration is the Common Mode Voltage (CMV) produced by
modern power converters. Moreover, high frequency components and large
amplitudes of the CMV at the motor neutral point have been shown to gen-
erate high frequency currents to the ground path and induced shaft voltage
[69]. Several methods to reduce the CMV have been proposed in the liter-
ature [70], [71], however, these methods are designed for three-phase Pulse
Width Modulation (PWM) VSI systems. In [50], a new modulation strategy
of the converter which reduces the CMV at the output of the MC is pre-
sented. Based on the Indirect Space Vector Modulation (ISVM) technique,
the method selects a medium value phase voltage as a zero vector and places
it in the center or on the both sides of the sampling period without changing
the active voltage vectors. The harmonic content of the input current is also
reduced. However, these advantages are achieved at the expense of deterio-
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rating the output harmonic content.
An approach to reduce the CMV in a DTC-PMSM drive using Matrix
Converters is presented in this chapter. Firstly, the CMV in MC is mathe-
matically analyzed. Based on this analysis, a very simple algorithm to reduce
the CMV is proposed and investigated.
6.1 Common Mode Voltage in Matrix Con-
verters
Fig. 6.1 shows a MC connected to a PMSM where the impedance Zcm repre-
sents the leakage current (icm) path between the machine’s neutral point (n)
and ground (N). The CMV vcm is defined as the voltage between these two
points:
vcm = vnN (6.1)
Taking into consideration the CMV vcm, the voltage expressions of the
PMSM can be written as:
v
aN
− vcm = Rsia + Lsdia
dt
+
d
dt
ψPMcosθr (6.2)
v
bN
− vcm = Rsib + Lsdib
dt
+
d
dt
ψPMcos(θr − 2pi
3
) (6.3)
v
cN
− vcm = Rsic + Lsdic
dt
+
d
dt
ψPMcos(θr − 4pi
3
) (6.4)
where vaN , vbN , and vcN are the MC output voltages with respect to
ground. Rs and Ls are the resistance and inductance at each phase of the
PMSM and ψPM is the flux produced by the permanent magnets. Since
icm ≈ 0, it can be assumed that ia + ib + ic ≈ 0. Assuming a balanced
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Figure 6.1: 3× 3 Matrix Converter.
induced voltage system ψPMcosθr+ψPMcos(θr− 2pi3 )+ψPMcos(θr− 4pi3 ) = 0,
the CMV can be found adding (6.2), (6.3) and (6.4):
vcm =
v
aN
+ v
bN
+ v
cN
3
(6.5)
As it can be seen in table 3.2 from chapter 3, when active vectors are
selected in a MC, there are two output phases connected to the same input
phase. Thus, the CMV when active vectors are delivered by a MC vacm can
be written as:
vacm =
vi + 2vj
3
(6.6)
where i and j represents the two input phases involved when an active
vector is present at the output of the MC.
In MCs, the input filter is designed in such a way that the phase voltages
vA, vB, and vC can be considered equal to the phase voltages of the mains
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vSA, vSB, and vSC respectively [41]. Assuming a balanced voltage system at
the mains and, hence, at the input side of the MC,
v
SA
= vA = Vp sin (ωt) (6.7)
v
SB
= vB = Vp sin (ωt− 2pi
3
) (6.8)
v
SC
= vC = Vp sin (ωt+
2pi
3
) (6.9)
where Vp is the voltage peak value per phase, (6.6) can be written as:
vacm =
1
3
Vp sin (ωt) +
2
3
Vp sin (ωt± 2pi
3
) (6.10)
Rearranging (6.10), a simpler form of vacm can be obtained:
vacm =
1√
3
Vp sin (ωt± pi
2
) (6.11)
Equation (6.11) states that the instantaneous value of the CMV when any
active vector is delivered by the MC vacm, depends on the instantaneous value
of the input voltages selected to deliver such vector. Hence, the maximum
instantaneous value of the CMV when active vectors are delivered by the MC
vacm will be:
vacmmax = ±
1√
3
Vp (6.12)
The contribution to the CMV of each active vector is shown in Fig. 6.2.
The frequency of voltages vSA, vSB, and vSC is 50Hz. In every input vol-
tage period (T = 0.02s), a different output vector is delivered by the MC
(+1 . . . + 9 ; −1 . . . − 9). It can be noted that, for every active vector, the
CMV is at its maximum value, ± 1√
3
Vp, every kpi radians (k = 0, 1, 2 . . . n).
When a zero vector is selected in a MC, the three output phases are
connected to the same input phase. Thus, when a zero vector is delivered by
a MC, the CMV vzcm will follow the selected input voltage:
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Figure 6.2: Common mode voltage when active vectors are delivered by a
MC.
vzcm = vi (6.13)
where i represents the selected input phase.
Since vi = Vp sin (wt± φ), the maximum CMV vzcm when a zero is selected
will be:
vzcmmax = ±Vp (6.14)
Fig. 6.3 shows the contribution to the CMV of each zero vector (a different
zero vector is selected in every input voltage period T = 0.02s). As it can be
seen, the CMV follows the selected phase to deliver the zero vector, being
the maximum CMV equal to the peak value of that phase.
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Figure 6.3: Contribution of zero vectors to the common mode voltage.
6.2 Reduction of the Common Mode Voltage
In a DTC scheme, when the actual electromagnetic torque is within the co-
rresponding comparator hysteresis bands, a zero vector is usually selected.
Since the MC can deliver three different zero vectors, in [2], the zero vector
which minimizes the number of commutations is selected. However, this cri-
teria to select zero vectors will not ensure the minimization of the converter
switching during the operation of the drive. In fact, since the next active
vector (after the zero vector) is not known at the moment of selecting the
zero vector, this criteria could also contribute to increase the number of com-
mutations over time.
As it has been shown in section 6.1, the maximum CMV is achieved when
the input phase vi, selected to deliver a zero vector, coincides with its peak
value ±Vp. Since the MC can deliver three different zero vectors 0a, 0b and
0c (see table 3.2 in 3), a reduction of the CMV can be achieved by proper
selection of the zero vector. When any input phase voltage is at its positive
or negative peak value ±Vp, the other two will be at ±12Vp. Hence, the maxi-
mum CMV can be reduced to ±1
2
Vp if the input phase voltage with minimum
absolute value is selected to deliver a zero vector. In Fig. 6.4, the contri-
bution to the CMV of zero vectors, when the input phase with minimum
absolute value is selected to deliver a zero vector, is shown.
Fig. 6.5 shows the simplicity of the zero vector selector method to reduce
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Figure 6.4: Contribution to the common mode voltage of zero vectors select-
ing the phase voltage with minimum absolute value.
the CMV. When a zero vector has to be selected by the DTC algorithm, the
system computes the absolute value of every input phase and selects the one
with the minimum value. The selected phase will be the one connected to all
the output phases to deliver the zero vector.
Figure 6.5: Zero vector selector.
As it has been mentioned, in section 5.3, the use of small vectors of the
MC are used in order to reduce the torque ripple. At low and medium speeds,
small vectors are selected very often. Since the CMV depends on the input
phases involved in the selected vector, as stated in (6.10), these vectors will
also contribute to reduce the CMV RMS value.
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6.2.1 Simulation Results
The proposed method to reduce the CMV is analyzed and compared with
the classical DTC using MC proposed in [2] in which the reduction of the
number of switching events is used as the criteria to select zero vectors.
The simulation analysis has been carried out by means of the MatLab/Simulink
package with the DTC having the same settings as in sections 5.2 and 5.3 for
the classical and the proposed method respectively.
Fig. 6.6 shows the vcm when the classical DTC using MC is used to drive
the PMSM. The maximum CMV value vcmmax reaches ±100V , corresponding
to the input phase negative and positive peak values. This happens when an
input phase crossing its peak value is selected to deliver a zero vector.
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Figure 6.6: Common mode voltage and its spectrum. Classical method.
When the proposed method is used under the same conditions, the maxi-
mum CMV value is reduced to ±57.7V , as shown in Fig. 6.7, corresponding
to ±1/√3 of the input phase peak value when active vectors are selected.
Comparing Fig. 6.6 and Fig. 6.7, it is noted that the proposed method
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Figure 6.7: Common mode voltage and its spectrum. Proposed method.
shows a better harmonic spectrum of vcm, not only by decreasing the ampli-
tude of the CMV but also the number of harmonics.
Table 6.1: Common mode voltage comparison.
vcmmax vcmRMS
Classical method 100 V 42.61 V
Proposed method 57.7 V 31.8 V
Table 6.1 shows the maximum CMV value and its RMS value, summariz-
ing the performance of both methods. The proposed method shows a better
performance regarding the maximum CMV and its RMS value, reducing them
by 42.3% and 25.4% respectively.
6.2.2 Experimental Results
In order to validate the theoretical and simulation analysis, experimental
tests has been carried out employing the rig shown in Fig. 5.11.
The vcm when the classical DTC using MC is employed to drive the PMSM
is shown in Fig. 6.8. It can bee seen that the maximum CMV vcmmax reaches
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Figure 6.8: Common mode voltage and its spectrum. Classical method.
±100V corroborating the results shown in the simulation analysis. As in the
classical method the criteria to select zero vectors is to minimize the number
of the converter switching events, the CMV vcmmax will coincide with the
peak value Vp of the input phase selected to deliver a zero vector.
Fig. 6.9 shows the CMV vcm when the proposed method is used. Now,
the maximum value of the CMV vcmmax coincides with the CMV maxi-
mum value when active vectors are delivered by the MC vacmmax . Thus,
vcmmax = v
a
cmmax = ± 1√3Vp = ±57.7V as stated in (6.12).
The comparison of both methods, under the same conditions, is summa-
rized in table 6.2. As it can bee seen, a reduction of 42.3% and 19.3% in
the vcmmax and vcmRMS respectively is achieved when the proposed method is
used.
Table 6.2: Common mode voltage comparison.
vcmmax vcmRMS
Classical method 100 V 46.42 V
Proposed method 57.7 V 37.47 V
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Figure 6.9: Common mode voltage and its spectrum. Proposed method.
In addition to a reduction of the motor winding failure and degradation of
its bearings due to the reduction in the CMV [70], comparing the harmonic
spectrum of the vcm shown in Fig. 6.8 and Fig. 6.9, it can be said that the
better performance shown by the proposed method will reduce the motor
shaft induced voltage. Hence, it can be concluded that all these effects will,
eventually, contribute to extend the motor’s operational life.
Several experimental tests, covering all the machine operating points, have
been carried out in order to deeply compare both methods. Both the com-
mon mode voltage and switching characteristics are investigated. As in the
experiments carried out in chapter 5, the speed has been varied from 100 rpm
up to 3000 rpm (rated speed), whereas the torque reference was varied from
0.1 Nm up to 0.64 Nm (rated torque). In order to assess the performance of
both systems, only the RMS value of the CMV vcmRMS has been considered
since its peak value is expected to remain constant irrespective of the oper-
ating conditions.
The results, comparing the classical and the proposed method, are shown
154 Chapter 6: Reducing the Common Mode Voltage using MC
0
1000
2000
3000
0
0.5
1
35
40
45
50
Speed (rpm)
Classical method
T
e
 (Nm)
v c
m
RM
S 
(V
)
Figure 6.10: Common mode voltage. Classical method.
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Figure 6.11: Common mode voltage. Proposed method.
in Fig. 6.10 and Fig. 6.11 respectively. It is noted the better performance of
the proposed method over all the machine operating points. Moreover, con-
sidering the flatness of both figures, it can be conclude that the RMS value
of the CMV vcmRMS does not depend neither on torque nor speed.
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In order to compare both systems in terms of switching events, the average
number of switching events due to zero vectors selection has been calculated
as follows:
sˆw =
swevent
zvevent
(6.15)
where, swevent is the number of switching events per second and zvevent is
the number of zero vectors events per second1.
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Figure 6.12: Switching events. Classical method.
It can be noted in Fig. 6.12 and Fig. 6.13 the better performance of the
proposed method at low speed. At low speed, and especially at low torque,
the proposed method employ small voltage vectors contributing to a medium
slope torque variation. This allows the torque to easily reach the inner bands
of the hysteresis controller and consequently apply zero voltage vectors more
often than the classical method. Due to the low value of the back emf at low
speed, the same zero voltage vector will be applied during several sampling
1a zero vector event is defined as any state transition form or to a zero vector.
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Figure 6.13: Switching events. Proposed method.
periods Ts and therefore, free of switching events. At high speed, however,
the proposed method tends to increase the number of commutations when
zero vector events are involved. This is mainly due to the increase of the back
emf at high speeds that eventually reduces the number of sampling periods
during which the same zero vector is delivered by the MC.
6.3 Conclusions
The common mode voltage produced by MCs has been analyzed focusing on
the DTC driving PMSMs. The contribution of zero vectors in the CMV has
been shown to be greater than that of active vectors. The advantages of the
MCs, such as the availability to deliver three different zero vectors, have been
exploited to reduce the CMV in DTC drives. A very simple and effective zero
vector selector has been developed allowing a reduction of the maximum CMV
in 42.3% while not deteriorating the output harmonic content. Moreover, the
better harmonic spectrum of the CMV, specially at high frequencies, indicates
that there will be a lower level of common mode current contributing to
extend the machine’s operational life.
Chapter 7
Rotor Position Estimate
7.1 Introduction
The introduction of vector controlled drives on the market meant that AC
machines could be employed in industrial applications requiring high dynamic
performance. However, this comes at the cost of housing a speed or position
sensor on the end of the machine shaft. The most widely used sensor is an
incremental encoder which requires a power supply, cabling and decoding
hardware. Since the incremental encoder is an optical device, it is fragile and
therefore compromises the robustness of the whole system.
It has been mentioned in section 2.3.4 of chapter 2 that, in recent years,
there has been considerable interest in the development of sensorless1 AC
drives.
The basic idea behind all the sensorless approaches is to estimate the
rotor or flux position from the terminal quantities of the machine. It was
mentioned in the same section that one of the simplest model-based method
1generic term covering AC drives operating without a position or speed sensor.
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consist in the estimate of the rotor flux position through integration of the
stator voltages.
The DTC lends itself easily to sensorless control through the flux model
estimator [10], but as other sensorless control schemes based on conventional
fundamental-frequency models or observer based methods, fulfill the demand
in the higher speed range but have been shown to give poor and asymp-
totically failing performance as zero speed is approached due to the loss of
information as the induced back EMF becomes very small [10]. Moreover,
such methods are strongly dependent on the machine parameters, which can
vary during its operation. The desirability to operate continuously at low
or zero speed has led to another sensorless approach where the saliency of
the machine is tracked through some form of signal injection to obtain flux
or position information. Although successful position and speed control at
low and zero speed region has been reported in the literature, even for low
saliency machines using hf carrier injection techniques, the approaches seem
to be limited to FOC drives.
This chapter starts examining the nature of the saliencies in a SM-PMSM.
The mathematical model and the corresponding demodulation scheme of the
α− β frame persistent hf rotating carrier injection is described.
A new technique (developed in this thesis) to inject the rotating carrier
in DTC drives is described.
7.2 Saliency Tracking
Saliency is the term usually employed to define an asymmetry in the ma-
chine. Although geometric asymmetries are the easiest to identify, specially
in salient-pole machines, saliencies might arise from different sources. All ma-
chines will exhibit some kind of saliency. However, the magnitude of saliency
varies between different machines.
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The objective is to identify some kind of saliency that is fixed to the
rotor or flux position. The response of the machine, using a signal injection
technique, can then be used to obtain the saliency position. The position of
the identified saliency will eventually give the rotor or flux position which
will be independent of machine parameters.
7.2.1 Saliency in a Surface Mounted Permanent Mag-
net Synchronous Machine
The saliency in SM-PMSM is manifested by means of variations in the stator
inductance. The SM-PMSM is known as a non-salient machine, thus the in-
ductance in the direct axis (Lsd) and in the quadrature axis (L
s
q) are usually
assumed equal. In practice, a small amount of magnetic saliency can be de-
tected. Usually, Lsd differs from L
s
q about 25% [72]. Although this percentage
is a small difference when compared with 60% of a I-PMSM, is enough to
extract position information by means of some form of signal injection.
Geometric Saliency
Variations of the basic SM-PMSM design with partially inset magnets, as
shown in Fig. 7.1(a), introduces a small amount of geometric saliency. As
it is shown in Fig. 7.1(a), the effective airgap length at a fixed point θ will
depend on the rotor position θr. When the rotor is aligned with the test
position (θr = θ), the effective airgap length will coincide with its maxi-
mum (gmax), whereas, if the rotor is in quadrature with the test position
(θr = θ ± pi2 ), the effective airgap length will be at its minimum (gmin). This
airgap asymmetry will lead into magnetizing inductance variation as the ro-
tor rotates. The dependency of the magnetizing inductance with the rotor
position is shown in Fig. 7.1(b). The magnetizing inductance variation will
interact with the current or voltage waveforms which eventually will contain
information about the saliency position. Since the asymmetry is located in
the rotor, the saliency will identify the rotor position.
Similarly to a I-PMSM, on the rotor quadrature axis there is only iron,
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Figure 7.1: Asymmetric airgap of an inset PMSM. (a) Cross section. (b)
Variation of the magnetizing inductance.
whereas, in the direct axis consist of the magnets whose permeability is close
to that of air. Hence, the reluctance in the quadrature axis is smaller than
in the direct axis, being Lsd < L
s
q.
Saturation Saliency
In a SM-PMSM, due to the saturation effects, the stator inductances are a
function of the rotor position. This magnetic saturation arises from the high
airgap flux density produced by the permanent magnets. Any coil with its
flux path in the direction of the saturated sections will present a reduction
of its inductance value. Since the saturation will affect the flux path, the
inductance will be modulated as the rotor rotates.
Assuming a sinusoidal distribution of the flux density with its maximum
oriented towards the d-axis, the saturated section will be in the proximity of
the d-axis. An increase of the effective airgap, due to the saturation in the
d-axis, will result in a reduction of the direct axis inductance Lsd while L
s
q
will remain unaltered, Lsd < L
s
q.
The explanation above holds only when the machine runs under no load.
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Figure 7.2: Flux displacement. (a) No Load. (b) Full load.
When a torque producing current isq is needed, the term ψ
s
q = L
s
qi
s
q appears,
producing a shift of the flux towards the quadrature axis direction. This
effect is depicted in Fig. 7.2(b), where a simplified PMSM has been analyzed
by means of a finite element method simulation software. As it is shown in
Fig. 7.2, the position of the saturated section, and hence the saliency posi-
tion, will be misaligned under load conditions. Moreover, the misalignment
angle will depend on the operating point of the machine.
7.3 High Frequency Rotating Carrier Injec-
tion in the α− β Frame
The most common way to inject in the α− β stationary frame is to super-
impose a hf voltage carrier on the fundamental excitation. The resulting hf
current components will contain rotor position information. The frequency
of the injected voltage carrier, ωi , should be high enough to ensure sufficient
spectral separation between itself and the fundamental excitation to reduce
the requirements of the band-pass filters. One possible form of hf voltage
carrier injection, with amplitude Vi and frequency ωi , is as follows:
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[
vsiα
vsiβ
]
= Vi
[
− sin(ωit)
cos(ωit)
]
(7.1)
Assuming a saliency in the machine d-q rotating reference frame, i.e Lsd 6=
Lsq, the PMSM voltage model can be written, in the α− β stationary reference
frame as follows [15], [72]:
[
vsα
vsβ
]
= Rs
[
isα
isβ
]
+ ψPM
d
dt
[
cos(θr)
cos
(
θr − pi2
) ]+
d
dt
[
Ls −∆Ls cos(2θr) −∆Ls sin(2θr)
−∆Ls sin(2θr) Ls +∆Ls cos(2θr)
][
isα
isβ
]
(7.2)
where Ls = (L
s
d + L
s
q)/2, ∆Ls = (L
s
d − Lsq)/2, Rs is the stator resistance,
ψPM is the machine permanent magnet flux and θr is the rotor position in
electrical degrees. When a sufficiently high frequency carrier is used, normally
between 600Hz and 1KHz, the stator impedance in (7.2) is dominated by the
stator inductance. Since ωiLs À Rs, the first two terms in (7.2) can be
neglected and approximated to:
[
vsiα
vsiβ
]
≈ d
dt
[
Ls −∆Ls cos(2θr) −∆Ls sin(2θr)
−∆Ls sin(2θr) Ls +∆Ls cos(2θr)
][
isiα
isiβ
]
(7.3)
From (7.1) and (7.3) the hf currents can be resolved and given by [15],
[72]:
[
isiα
isiβ
]
=
Vi
ωiLsdLqs
[
Ls cos(ωit) + ∆Ls cos(2θr − ωit)
Ls sin(ωit) + ∆Ls sin(2θr − ωit)
]
(7.4)
The resulting hf currents in (7.4), where θr is the rotor position, con-
tain both positive and negative sequences components. However, only the
negative sequence contains position information.
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7.3.1 Demodulation
The steps to carry out the demodulation of the hf currents are shown in
Fig. 7.3. Firstly the hf currents components must be separated from the
fundamental component by means of a band-pass filter. Synchronous filter
are then used to demodulate the rotor position signal θr.
Figure 7.3: Demodulation process scheme.
Once the fundamental component has been filtered out, the hf currents iiα
and iiβ are transformed to a reference frame rotating in the same direction as
the injected signal (positive direction), thus the carrier component becomes
DC and the negative sequence is located at ≈ 2ωi, as it can be seen in (7.5)
[15], [72].
[
idp
iqp
]
=
[
T(−θi)
] [ isiα
isiβ
]
=
Vi
ωiLsdL
s
q
[
Ls +∆Ls cos(2θr − 2ωit)
Ls +∆Ls sin(2θr − 2ωit)
]
(7.5)
Note that T(−θi) is the Park transformation matrix with (−θi) as the ro-
tating angle. High-pass filtering in this frame will remove the DC component
(carrier component). The resulting signal is then transformed to a frame ro-
tating synchronously with the negative sequence to obtain the position signal
as follows:
[
idn
iqn
]
= [T2θi ]
[
idpf
iqpf
]
=
Vi
ωiLsdL
s
q
[
∆Ls cos(2θr)
∆Ls sin(2θr)
]
(7.6)
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In (7.6) T2θi is the Park transformation matrix with 2θi as the rotating
angle. Finally, the angle information is obtained by simply applying the atan
function:
θr =
1
2
tan−1
(
iqn
idn
)
(7.7)
7.4 α− β High Frequency Injection in a DTC
Drive
Injecting a hf voltage carrier of the form given in (7.1) is relatively straight-
forward when vector control is used to control a PMSM. Since the vector
control algorithm provides a voltage reference v∗αβ, the carrier voltage viαβ
can be superimposed as shown in Fig. 7.4.
Figure 7.4: α− β rotating carrier injection in a FOC drive.
In contrast, as it can be seen in Fig. 4.3 of chapter 4, injecting a hf rotat-
ing vector in a DTC drive is somewhat difficult. There is no voltage reference
provided by the control algorithm. Instead, the flux and torque processed er-
rors, Hψ and HTe , are converted directly into switching signals by the DTC
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switching table. DTC based on Space Vector Modulation (SVM), and hence,
with voltage reference terms, has been proposed in the literature [61], [64],
however, these approaches seems to compromise the simplicity of the original
DTC drive.
The introduction of a rotating hf voltage carrier by directly modifying the
vector pattern imposed by the DTC algorithm, using a MC, is proposed in
this thesis. The DTC algorithm, based on the approach presented in chapter
5 , will impose a voltage vector from the MC every sample period Ts. An
amount of time ti, from this sample period, will be employed to inject the hf
rotating carrier as shown in Fig. 7.5. Note that ti ¿ Ts to have minimum
distortion effect in the DTC performance.
Figure 7.5: hf injection algorithm.
The injected vectors in Fig. 7.5 V in, where n = 1 . . . 6, corresponds to the
active vectors that would have been applied using a VSI. When a MC is used,
an active vector with the same direction as the one imposed by the algorithm
using a VSI will be selected as it has been explained in section 5.2 of chapter
5.
The injection algorithm described in Fig. 7.5 will inject vectors (V1−V6),
consecutively, at the end of every sample period Ts to superimpose the hf
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Table 7.1: hf injection algorithm summary
P 1 . . .∞
V in P − int(P/6)
VDTC 0 . . . 7
rotating carrier on the fundamental excitation. Table 7.1, where P is the
group of sample periods in which the same vector, V in, is injected, int(P/6) is
the integer part of P/6, and VDTC is the vector imposed by the DTC scheme,
summarizes the hf injection algorithm. Depending on the carrier frequency
required, the injection of a vector can be done for every sample period or in
alternate periods. The carrier frequency can be controlled by means of the
repetition rate k of every injected vector:
fi =
1
6Tsk
(7.8)
where k ≥ 1 and 6 is the number, in terms of direction, of vectors available
for injection. From (7.8) it can be seen that the carrier frequency will be a
sub-multiple of the DTC algorithm sampling frequency Ts, however this must
not be considered a constraint as the sampling frequency must be necessary
high.
On the other hand, the amount of time ti assigned for the injection will
determine the magnitude of the injected vector, which can be expressed as
follows:
V i =
ti
Ts
Vo (7.9)
where Vo is the magnitude of the voltage vector at the output side of the
MC.
As for the FOC drives, the rotor position is obtained from demodulat-
ing the resulting hf currents as explained in section 7.3.1. The complete
schematic of the implemented α− β frame hf carrier injection in the DTC
drive is shown in Fig. 7.6.
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Figure 7.6: α− β injection in a DTC drive using MC. Block diagram.
7.5 Experimental Results
The proposed algorithm has been tested in the experimental rig shown in
Fig. 5.11 of chapter 5.
The hysteresis brake provides a load torque which is independent of the
speed. The hysteresis brake is set to give a constant torque while the PMSM
is torque controlled by means of the DTC algorithm. The constant torque
developed by the hysteresis brake will determine the rotating speed.
The DTC sampling period has been set to Tz = 50µs. The time assigned
for injection is ti = 10µs, giving a relation of ti/Tz = 0.2, thus the magnitude
of the injected vector will be 20% of the output vector magnitude. Regarding
the injection frequency fi, a repetition rate of k = 4 has been selected, thus
obtaining fi = 833.33Hz. The torque command has been set to T
∗
e = 0.4Nm
(62.5% of the rated torque).
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7.5.1 Measured signals
The measured α− β currents are depicted in Fig.7.7(a) and the spectrum of
iα can be seen in Fig.7.7(b). Figure 7.7(c) shows the zoomed area of the most
important parts of the iα current spectrum.
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Figure 7.7: Measured currents. (a) iα and iβ. (b) iα spectrum. (c) iα
spectrum zoomed area.
The position information is contained in the negative sequence located at
−fi + 2fe. However, as it can be seen in Fig. 7.7, there are other harmonics
around this signal. In general, a machine will exhibit more than one type of
saliency. The interaction of different fluxes in the machine will lead to other
saturation space harmonics [73]. The position signals may also contain other
harmonics as a result of the non-linear characteristics of the MC [74]. More-
over, the eccentricity of the machine, more common in small machines, can
introduce further corrupting harmonics to the position signal. However, the
most relevant corrupting harmonic in Fig. 7.7(c1) is located at −fi+4fe and
can be attributed to the non-sinusoidal pattern of the saliency [73]. Compar-
ing the spectrum of Fig. 7.7 with those obtained in [74], it can be conclude
that other space harmonics arise from the DTC algorithm and the different
technique employed for injecting the hf carrier.
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The corrupting harmonics will introduce a considerable error in the posi-
tion angle estimate as it can be seen in Fig.7.12(c) and consequently in the
stator flux position estimate. However, the DTC algorithm does not need an
accurate stator flux position estimate but just the sector in which is lying.
7.5.2 Permissible error
Considering an error in the sector in which the flux vector lies, the DTC
algorithm will impose voltage vectors having similar torque effects to those
imposed when no error in the sector is present. This is true, if the angle error
γerrors (angle between the estimated flux vector ψˆ
s and the actual one ψs) is
within pi/3 radians. For larger errors γerrors > pi/3, the applied vectors will
start presenting opposite torque effects to those desired. Figure 7.8(a) shows
the permissible error band (pi/3 radians), and those vectors having opposite
torque effects considering sectors 1 and 2 are depicted in red. Regarding the
stator flux, however, the incorrect applied vector will present opposite effects
to those desired. However, as the actual stator flux vector ψs approaches the
next sector boundary, the undesirable effects of the stator flux are asymp-
totically mitigated. Let us consider that an increase in both torque and flux
is needed in the example shown in Fig. 7.8(b). Since the actual flux vector
ψs is lying in sector 1, vector V2 (blue) should be applied by the DTC al-
gorithm. However, since the estimated flux vector ψˆs lies in sector 2, vector
V3 (red) will be applied instead and, hence, decreasing the stator flux. The
undesirable effects of applying the incorrect vector V3 (red), will be especially
accentuated when the actual flux vector lies in the boundary at the begin-
ning of sector 1 as shown in Fig. 7.8(b). As the actual stator flux ψs moves
towards the next sector boundary (sector 2), the decreasing flux effects are
mitigated.
In order to corroborate the above explanation, an increasing error in the
flux angle γerrors , going from zero up to pi/3 radians, has been deliberately
introduced in the control system. The standard deviation σψs and σTe has
been computed for both the stator flux and electromagnetic torque values
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Figure 7.8: Permissible error band.
respectively. The results are shown in Fig. 7.9.
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Figure 7.9: Standard deviation and maximum acceptable error.
The experimental results showed that for a flux angle error of γerrors = pi/3
rad (60 deg), the DTC becomes unstable as expected. Moreover, based on
the experimental results, a maximum acceptable angle error has been shown
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to be at γerrors = pi/6 rad (30 deg) as shown in Fig. 7.9.
The electromagnetic torque and stator flux performance with γerrors = pi/6
rad is shown in Fig. 7.10 and can be compared to Fig. 7.11 in which γerrors =
0.
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Figure 7.10: Torque and flux performance with maximum acceptable flux
angle error γerrors = pi/6.
It can be seen in Fig. 7.10 how the stator flux error abruptly increases
when the actual stator flux vector ψs crosses a sector boundary and softly
decreases as it approaches the next sector.
7.5.3 Sensorless operation
The position signals, after the demodulation process explained in section
7.3.1, idn and ipn, with the PMSM running at 38rpm, are shown in Fig.7.12(a).
In Fig.7.12(b) the estimated rotor position is compared with the actual (mea-
sured) rotor position.
As it can be seen in Fig.7.12(c), the error in the estimated rotor position
is within ±20 degrees being inside the permissible error band shown in Fig.
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Figure 7.11: Torque and flux performance with no flux angle error γerrors = 0.
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7.8. Compering the results with those obtained in [75], it can noted that the
use of a MC clearly improves the characteristics of the position signals and
hence the estimated rotor flux position.
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7.6 Conclusions
The extension of the α− β frame hf carrier injection method to a PMSM
DTC drive using a MC has been presented in this paper. The new hf in-
jection algorithm does not compromise the original DTC simplicity while
has the potential to extend the operation of the sensorless DTC drive to
the low speed region. Initial experimental results which demonstrates the
effectiveness of the proposed method are shown. Despite MCs have been
shown to provide better switching characteristics than VSIs, the remaining
non-linearities of the former introduces a significant error in the position an-
gle estimate. Although the error in the position estimate will not make the
system fail, further investigation in order to reduce it has to be carried out.

Chapter 8
Conclusion and Further Work
The main objective of this thesis was to investigate the characteristics of the
MC that can be exploited to improve the conventional DTC performance.
The conventional DTC, reviewed in chapter 4, can be improved by re-
placing the standard VSI by a MC. In addition to power factor control ca-
pabilities, the advantages of the MC can be further exploited using not only
the commonly employed large voltage vector but also those having smaller
amplitude. It has been demonstrated that the use of small voltage vectors
allow the system to distinguish between small and large torque errors. Based
of this fact, a new DTC-PMSM drive using MCs which reduces the electro-
magnetic torque ripple has been developed in this thesis. The improvement
is also noted in the output current THD.
Moreover, as it has been stated in chapter 5, the re-organization of the
sectors in which the input voltage vector can lie, contributes to improve the
voltage transfer ratio of the MC. This will not only allow the system to reach
the machine rated conditions with less steady state error, but also contributes
to make the drive torque response faster.
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Furthermore, it has been shown that the availability of three different null
vectors in MCs can be considered to reduce the undesirable common mode
voltage at the output of the converter. A new criteria to select zero vectors
which significantly reduces the common mode voltage has been proposed.
In order to overcome the limitations of model based sensorless techniques,
a high frequency signal can be injected in a DTC drive by directly modify-
ing the vector pattern. The better switching characteristics of the MC can
improve the position signals waveforms.
8.1 Contributions
The main contributions of this thesis can be summarized in the following
points:
• A new DTC using MC has been developed.
The use of small voltage vectors of the MC has been investigated in
order to reduce the inherent electromagnetic torque and stator flux rip-
ples present in DTC drives. The maximum ripple reduction achieved
has been 50.27% and 21.22% for the torque standard deviation σTe and
the flux standard deviation σψs respectively. Moreover, these improve-
ments also contributes to a better output current THD, achieving a
maximum improvement of 62.92%.
Regarding transient performance, the increased voltage transfer ratio
allows the system to response twice faster to a torque step transient.
• A very simple algorithm to reduce the common mode voltage
has been implemented.
The common mode voltage of a MC has been mathematically analyzed.
The maximum common mode voltage arises when zero voltage vectors
are selected by the DTC algorithm. By selecting the proper zero vector,
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the new algorithm can considerably reduce the common mode voltage.
The maximum reduction achieved has been 42.43%.
• A novel hf injection technique for DTC drives has been pro-
posed.
The extension of the α− β frame hf carrier injection method to a
PMSM DTC drive using a MC has been proposed by directly modify-
ing the vector pattern.
8.2 Further work
To follow up the work presented in this thesis it is recommended some further
work. This can be summarized in the following ideas:
• Investigate new techniques for hf signal injection in a DTC
drive.
The modification of the vector pattern might not be the only way to
superimpose a hf signal onto the fundamental excitation. At least two
other techniques could be suggested for further investigation:
– Superimposing the hf signal onto the electromagnetic torque and
stator flux hysteresis bands.
– Superimposition of the hf signal onto the electromagnetic torque
and stator flux references.
• Further investigation to implement a sensorless DTC drive.
After analyzing different techniques for hf signal injection in a DTC
drive, further work could be done to select the one with better perfor-
mance.
8.3 Publications
The presented work has resulted in the following conference papers:
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8.3.1 Papers directly related with the presented work
• C. Ortega, A. Arias, C. Caruana, M. Apap and J. Balcells, ”Torque
ripple reduction in PMSM DTC drives using matrix converters,” Pro-
ceedings of EPE ’07, vol. 1, pp. 1 - 10, September, 2007.
• C. Ortega, A. Arias, J. Balcells and C. Caruana, ”High frequency in-
jection in a matrix converter dtc drive for sensorless operation of a
PMSM,” Proceedings of ISIE ’07, vol. 1, pp. 2278-2283, July, 2007.
• C. Ortega, A. Arias, J. Balcells, C. Caruana, C. Spiteri and J. Cilia,
”The use of small voltage vectors of matrix converters in direct torque
control of induction machines,” Proceedings of EPE-PEMC ’06, vol. 1,
pp. 1-4, July, 2006.
• C. Ortega, A. Arias, J. Balcells, C. Caruana, C. Spiteri and J. Cilia,
”Sensorless direct torque control of a surface mounted pmsm using high
frequency injection,” Proceedings of EPE-PEMC ’06, vol. 1, pp. 1-4,
July, 2006.
• C. Ortega, A. Arias, X. del Toro, E. Aldabas, and J. Balcells, ”Novel
direct torque control for induction motors using short voltage vectors of
matrix converters,” Proceedings of IECON ’05, vol. 1, pp. 1353-1358,
July, 2005.
• C. Ortega, A. Arias, L. Romeral, L. and E. Aldabas, ”Power factor cor-
rection, using matrix converters, in direct torque control for induction
motors,” Proceedings of SAAEI ’05, vol. 1, pp. 342-348, September,
2005.
Accepted papers. (Not yet published.)
• C. Ortega, A. Arias, C. Caruana and M. Apap, ”Reducing the common
mode voltage in a dtc-pmsm drive using matrix converters,” Presented
at ISIE ’08.
• C. Ortega, A. Arias, C. Caruana and M. Apap, ”Common mode voltage
in dtc drives using matrix converters,” Presented at ICECS ’08.
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8.3.2 Papers not directly related with the presented
work in which the author of this thesis has col-
laborated.
• E. Aldabas, L. Romeral, A. Arias and C. Ortega, ”Current controller
with low total harmonic distortion,” Proceedings of EPE ’05, vol. 1,
pp. 1-8, July, 2005.
• A. Arias, C. Ortega, J. Pou, D. Gonzalez and J. Balcells, ”Sensor-
less Field Oriented Control with Matrix Converters and Surface Mount
Permanent Magnet Synchronous Machines,” Presented at ICECS ’08.
• A. Arias, E. Aldabas, C. Ortega and M. Corbalan, ”Current Regulated
Matrix Converter for Field Oriented Control of Permanent Magnet Syn-
chronous Machines,” Presented at ICECS ’08.
• J. Pou, R. Pindado, C. Jaen, A. Arias, J. Zaragoza, C. Hervada, P.
Buenestado, C. Ortega and E. Jarauta, ”Model, design, analysis and
state-of-the-art control from the blowing wind to the sinusoidal voltages
and currents,” Presented at WREC ’08.
• A. Arias, C. Ortega, J. Pou, D. Gonzalez and J. Balcells, ”Angle estima-
tion for Sensorless Field Oriented Control with Matrix Converters and
Surface Mount Permanent Magnet Synchronous Machines,” Presented
at PESC ’08.
The most relevant of the above listed publications can be found in the
appendix.
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Abstract - This paper investigates the use of short voltage vectors of
Matrix Converters to reduce the electromagnetic torque ripple which appears
when Direct Torque Control technique is used in Induction Motors. Direct
Torque Control for Induction Motors using Matrix Converters is reviewed and
it is pointed out the problem of the electromagnetic torque ripple which is one
of the most important drawbacks of the Direct Torque Control. The standard
look up table for Direct Torque Control, when using Matrix Converters, is
improved in order to include the uncommonly used short voltage vectors.
This novel Direct Torque Control approach can differentiate between small
and large torque errors and consequently the electromagnetic torque ripple
is reduced. Finally, some results, which prove the improvement of the novel
Direct Torque Control when using small Matrix Converter voltage vectors,
are shown.
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 Abstract — This paper investigates the use of short voltage 
vectors of Matrix Converters to reduce the electromagnetic 
torque ripple which appears when Direct Torque Control 
technique is used in Induction Motors.  
Direct Torque Control for Induction Motors using Matrix 
Converters is reviewed and it is pointed out the problem of the 
electromagnetic torque ripple which is one of the most im-
portant drawbacks of the Direct Torque Control.  
The standard look up table for Direct Torque Control, when 
using Matrix Converters, is improved in order to include the 
uncommonly used short voltage vectors. This novel Direct 
Torque Control approach can differentiate between small and 
large torque errors and consequently the electromagnetic 
torque ripple is reduced.  
Finally, some results, which prove the improvement of the 
novel Direct Torque Control when using small Matrix Con-
verter voltage vectors, are shown. 
I. INTRODUCTION 
A new advanced control technique, named as Direct 
Torque Control (DTC) [1] or Direct Self Control [2] was 
introduced for Voltage Source Inverters (VSI) drives in 
1986 and 1988 respectively. Since then, DTC has gained 
popularity and nowadays several commercial drives are 
based on such control technique. However, some research is 
still being done to adapt DTC to new electrical motors and 
power converters and also to reduce the electromagnetic 
torque ripple, which is one of its main drawback [3].  
DTC, as the name indicates, is the direct control of 
torque and flux of an electrical motor by the selection, 
through a look-up table, of the power converter voltage 
space vectors. The main advantage of DTC is its structure 
simplicity, since no coordinate transformations, current 
controllers and modulations are needed. Moreover the con-
troller does not depend on motor parameters. DTC is con-
sidered to be a simple and robust control scheme which 
achieves quick and precise torque control response. How-
ever, torque and flux modulus values and the sector of the 
flux are needed and more importantly, short sampling period 
time for the torque and flux control loops are needed in order 
to keep electromagnetic torque ripple within an acceptable 
value [3]. In fact, the use of voltage modulation has been 
employed in order to reduce such ripple. In the literature 
Space Vector Modulation is also shown to maintain a small 
torque ripple whilst holding the switching frequency con-
stant [3] [4] [5]. Different methods of determining the 
voltage space vector reference value using Fuzzy Logic 
controllers [6] and Neuro Fuzzy Logic controllers [3] have 
also been presented. However, the simplicity of the DTC is 
reduced since a Voltage reference value must be calculated. 
Other modulation strategies can be used to reduce the 
torque ripple whilst maintaining the switching frequency 
constant [7]. The most common of these techniques is the 
two states modulation method, which consists of an active 
state, given by the conventional DTC look up table, and a 
null state. An analytic approach to the calculation of the duty 
ratio between both states has also been proposed [7]. 
The literature available [8] [9] implies that the undesir-
able torque and flux ripple can be considerably reduced by 
replacing the two level VSI with a multilevel VSI. The more 
voltage levels used in the inverter the greater becomes the 
resulting reduction in the ripple. 
Recently Matrix Converters (MC) have emerged to be-
come a good alternative to the VSI [10]. Among different 
advantages the unity input power factor and the lack of 
bulky capacitors are the most relevant advantages of such 
converters [10].  
It has been already implemented an integrated Induction 
Motor (IM) drive with a MC [11]. Also in [12] the use of 
MC in DTC of IM was introduced and a look up table for 
MC is designed. This DTC approach not only implements 
the DTC but also keeps the input power factor equals to 1.  
In this paper, the use of MC for DTC and IM is reviewed 
and the use of not only the standard MC voltage vectors but 
also the uncommonly used lower voltage space vectors is 
analyzed. Depending on the IM operating point such vectors 
might be applied and consequently the electromagnetic 
torque ripple is reduced. Simulation results, which demon-
strate the effectiveness of the proposed scheme, are pre-
sented.  
II. MATRIX CONVERTER MODEL 
A MC is an AC-AC converter, with m x n bi-directional 
switches, which connects an m-phase voltage source to an 
n-phase load and the most widely used configuration is the 
three-phase, 3x3 switches, MC shown in Fig. 1. It connects a 
three-phase voltage source to a three-phase load. In the MC 
shown in Fig. 1, Vsi, i={A,B,C} are the source voltages, Isi, 
i={A,B,C} are the source currents, VjN, j={a,b,c} are the load 
voltages, Ij, j={a,b,c} are the load currents, Vi, i={A,B,C} are 
the MC input voltages and Ii ,i={A,B,C}are the input cur-
rents. A switch, Sij, i={A,B,C}, j={a,b,c} can connect input 
phase i to the output phase j of the load. With a suitable 
switching strategy, arbitrary voltages vjN at arbitrary fre-
quency can be synthesized. Switches are characterized by 
the following equation: 



=
closed is switch  if      1
open is switch  if        0
ij 
ij
ij S
S
S  (1) 
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A mathematical model of the MC shown in Fig. 1 can be 
derived applying Kirchhoff’s voltage law and Kirchhoff’s 
current law and equations (2) and (3) are respectively ob-
tained [10]. 










⋅










=










)(
)(
)(
)()()(
)()()(
)()()(
)(
)(
)(
tV
tV
tV
tStStS
tStStS
tStStS
tV
tV
tV
C
B
A
CcBcAc
CbBbAb
CaBaAa
cN
bN
aN
 
(2) 










⋅










=










)(
)(
)(
)()()(
)()()(
)()()(
)(
)(
)(
tI
tI
tI
tStStS
tStStS
tStStS
tI
tI
tI
c
b
a
CcCbCa
BcBbBa
AcAbAa
C
B
A
 (3) 
Equations (2) and (3) are the basis of all modulation 
methods. 
Fig. 1. 3x3 Matrix Converter scheme. 
 
A. Matrix Converter Space Vectors 
 
From Fig. 1, it can be noted that the three phase MC al-
lows any output phase to be connected to any input phase. 
Obviously, the only restriction to consider is that the input 
phases should never be short circuited. Therefore, just 27 
switching configurations from all nine switches are possible. 
Applying Clark’s transformation to the space voltage and 
current vectors, given in equations (4) and (5) respectively, 
all 27 voltage and current space vectors are found. 
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Table 1 shows the 27 switching states of the three-phase 
MC. The first 18 states (±1, ±2, ±3, ±4, ±5, ±6, ±7, ±8, ±9) 
correspond to the active vectors. 0a, 0b and 0c are the cor-
responding zero vectors states and the last six states (±10, 
±11, ±12) are the rotating vectors. 
The representation of the output voltages and input 
current space active vectors is shown in Fig. 2 [10].  
Table I shows all different vectors for output voltages 
and input currents [10]. The first eighteen space vectors are 
constant in direction but the magnitude depends on the input 
voltages and the output currents for the voltage and currents 
space vectors respectively. On the contrary, the magnitude 
of the six rotating vectors remains constant and corresponds 
to the maximum value of the input line-to-neutral voltage 
vector and the output line current vector, while its direction 
depends on the angles of the line-to-neutral input voltage 
vector αi and the input line current vector βi . 
 
 
 
 
 
 
 
 
                     (a)                                             ( b) 
Fig. 2. Locus of the active Matrix Converter vectors. 
a) voltage space vectors. b) current space vectors. 
 
TABLE I 
MATRIX CONVERTER SPACE VECTORS 
State a b c     Vo               αo Ii                     βi 
+1 A B B 2/3 VAB              0 
aI 3
2           -pi/6 
-1 B A A -2/3VAB                 0 -
aI 3
2        -pi/6 
+2 B C C 2/3VBC                   0 
aI 3
2            pi/2 
-2 C B B -2/3VBC                0 -
aI 3
2
        pi/2 
+3 C A A 2/3VCA                   0 
aI 3
2
         7pi/6 
-3 A C C -2/3VCA            0 -
aI 3
2       7pi/6 
+4 B A B 2/3VAB           2pi/3 
bI 3
2           -pi/6 
-4 A B A -2/3VAB        2pi/3 -
bI 3
2         -pi/6 
+5 C B C 2/3VBC          2pi/3 
bI 3
2
           pi/2 
-5 B C B -2/3VBC        2pi/3 -
bI 3
2
         pi/2 
+6 A C A 2/3VCA          2pi/3 
bI 3
2           7pi/6 
-6 C A C -2/3VCA        2pi/3 -
bI 3
2        7pi/6 
+7 B B A 2/3VAB           4pi/3 
cI 3
2           -pi/6 
-7 A A B -2/3VAB        4pi/3 -
cI 3
2        -pi/6 
+8 C C B 2/3VBC          4pi/3 
cI 3
2
         pi/2 
-8 B B C -2/3VBC        4pi/3 -
cI 3
2
        pi/2 
+9 A A C 2/3VCA          4pi/3 
cI 3
2           7pi/6 
-9 C C A -2/3VCA        4pi/3 -
cI 3
2        7pi/6 
0a A A A 0                   - 0                          - 
0b B B B 0                   - 0                          - 
0c C C C 0                   - 0                          - 
+10 A B C Vimax         αI+0 Iomax                            βi+0 
-10 A  C B Vimax          −αI−0 Iomax               −βi−0 
+11 C A B Vimax    αI+2pi/3 Iomax           βi+2pi/3 
-11 B A C Vimax   −αI−2pi/3 Iomax         −βI−2pi/3 
+12 B C A Vimax    αI+4pi/3 Iomax            βi+4pi/3 
-12 C B A Vimax   −αi−4pi/3 Iomax                −βI−4pi/3 
III. DIRECT TORQUE CONTROL USING MATRIX 
CONVERTERS 
A. Conventional DTC scheme for VSI 
 
The basic principle in conventional DTC for induction 
motors is to directly select stator voltage vectors according 
to the stator flux and torque errors and the stator flux sector 
[3]. As it is shown in Fig. 3, stator flux ψ∗s and torque T*e 
references are compared with the corresponding estimated 
values. Both stator flux and torque errors, Eψ and ETe, are 
1354
discretised by means of a hysteresis band comparators. In 
particular, stator flux is controlled by a two-level hysteresis 
comparator, whereas the torque is controlled by a three-level 
comparator. On the basis of the hysteresis comparators and 
stator flux sector a proper VSI voltage vector is selected by 
means of the switching table given in Table II.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Conventional DTC with VSI. 
(a) (b) 
Fig. 4. (a) Flux trajectory. (b) VSI voltage vectors and the cor-
responding flux increment. 
 
TABLE II 
CONVENTIONAL DTC SWITCHING TABLE 
Hψ HTe S(1) S(2) S(3) S(4) S(5) S(6) 
1 V2 V3 V4 V5 V6 V1 
0 V0 V7 V0 V7 V0 V7 1 
-1 V6 V1 V2 V3 V4 V5 
1 V3 V4 V5 V6 V1 V2 
0 V7 V0 V7 V0 V7 V0 
 
-1 
-1 V5 V6 V1 V2 V3 V4 
 
The flux vector reference and the hysteresis band tracks 
a circular trajectory as shown in Fig. 4 (a). Thus, the actual 
flux follows its reference within the hysteresis band in a 
zigzag path. Fig. 4 (b) shows the VSI voltages vectors and 
the corresponding flux variation per sampling period. 
 
B. DTC look up table for Matrix Converters 
Since MC generates a higher number of output voltage 
vectors with respect to a VSI [4], the introduction of a third 
variable, such as the average value of the sine of the dis-
placement angle Ψ between the input line current vector and 
the input line-to-neutral voltage vector, can be used to keep 
under control the input power factor. This requirement is 
accomplished if this third variable is kept close to zero. 
Therefore, a new hysteresis controller, shown in Fig. 5, is 
introduced, which controls this variable [4].  
The flux, torque estimations and the sin Ψ value require 
the knowledge of voltages and currents at the input and 
output side of the MC.  Nevertheless, only input voltages 
and output currents are measured. The other quantities are 
calculated on the basis of equations (2) and (3), that is to say, 
the switching states of the matrix converter.  
The new control algorithm will select the switching state 
of the matrix converter that generates a voltage vector 
similar to that selected by the basic DTC control algorithm 
[4]. 
Assuming that V1 is the output voltage vector selected by 
the basic DTC control algorithm, from Fig. 2 it is obvious 
that one of the switching states ±1, ±2 or ±3 must be se-
lected. Since the magnitude and direction of these voltage 
vectors depends on the input line-to-neutral voltage vector, 
only those having the same direction of V1 and the maximum 
magnitude will be taken into consideration. If the input 
line-to-neutral voltage vectors lies in sector 1, the switching 
states +1 and –3 are chosen. From Fig. 2, it can be seen that 
these two switching states correspond to input current vec-
tors lying on sector 1. If a power factor increase is needed, 
that is to say, the average value of sin Ψ has to be decreased; 
the switching state –3 has to be selected. On the other hand, 
if a power factor decrease is needed, in other words, the 
average value of sin Ψ has to be increased; the switching 
state +1 has to be selected. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. DTC scheme using MC 
 
Table III shows the switching table for the implementa-
tion of the DTC using a MC [4]. In the first column, the 
voltage vectors selected by the basic DTC are present. The 
top row contains the sector in which the input line-to-neutral 
voltage vector lies. Depending on the power factor control 
needs, that is to say, the output value of the hysteresis 
comparator Hφ , one of the two sub-columns (+1,-1) are se-
lected. 
TABLE III 
 DTC LOOK UP TABLE USING MC 
Input voltage sector 
 
S(1) S(2) S(3) S(4) S(5) S(6) 
Hφ +1 -1 +1 -1 +1 -1 +1 -1 +1 -1 +1 -1 
V1 -3 1 2 -3 -1 2 3 -1 -2 3 1 -2 
V2 9 -7 -8 9 7 -8 -9 7 8 -9 -7 8 
V3 -6 4 5 -6 -4 5 6 -4 -5 6 4 -5 
V4 3 -1 -2 3 1 -2 -3 1 2 -3 -1 2 
V5 -9 7 8 -9 -7 8 9 -7 -8 9 7 -8 
V6 6 -4 -5 6 4 -5 -6 4 5 -6 -4 5 
 
IV. NOVEL DTC USING MATRIX CONVERTERS SHORT 
VECTORS 
In order to use not only large vectors of the MC but also the 
small ones, the DTC scheme will be modified. Therefore, 
the new torque hystersis comparator will provide four dif-
6ψ∆5ψ∆
4ψ∆
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1ψ∆
44 tV ∆
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24 tV ∆
13 tV ∆
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ferent levels instead of three to distinguish between small 
and large positive and negative torque errors and conse-
quently a new Look up table has to be used.  
Fig. 6 shows the new structure of the new torque hystersis 
comparator with four output levels. 
 
E
Te
H
Te
H
Te
E
Te
 
Fig. 6. New torque hysterisis comparator with four              
output levels. 
 
The second modification is the Look up table because the 
classical Look up table introduced in [4] uses just the large 
vectors. Fig. 7 shows how just the largest voltages are used 
to synthesise the MC voltage vectors and consequently Ta-
ble III is obtained.  
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Fig. 7. Input voltages used to synthesize MC large voltage 
vectors according to the input voltage sectors 
 
The contribution of this novel DTC is based on using not 
only the largest input voltages but also the small ones. 
Hence, Fig. 8 shows the small input voltages which will also 
be used to synthesise small voltage vectors. 
The novel Look up table will have the same contents for the 
large vectors as Table III proposed in [4], but new small MC 
voltage space vectors will be used as well. Another differ-
ence is that the input voltage sector is divided into twelve 
different sectors instead of six. However, since there are just 
two small voltages instead of four per sector, just two small 
vectors can be chosen. Therefore, when a small vector is not 
found, the large vectors will be used instead. 
Zero vectors will be used when the small torque error is 
selected and the IM back Electro Magnetic Force (EMF) 
imposes a reduction in torque. 
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 Fig. 8. Large and small input voltages used to synthesize     
large and small MC voltage vectors. Note that there are twelve 
input sectors. 
 
TABLE VI 
NOVEL DTC LOOK UP TABLE FOR THE USE OF LARGE  
AND SHORT MC VOLTAGE VECTORS. 
Input voltage sector  
 
1 2 3 4 5 6 7 8 9 10 11 12 
+ + + + + + + + + + + + 
Hφ - - - - - - - - - - - - 
-3 2 2 -1 -1 3 3 -2 -2 1 1 -3 
V1large 
1 -3 -3 2 2 -1 -1 3 3 -2 -2 1 
2  -1  3  -2  1  -3  
V1small 
 1  -3  2  -1  3  -2 
9 -8 -8 7 7 -9 -9 8 8 -7 -7 9 
V2large 
-7 9 9 -8 -8 7 7 -9 -9 8 8 -7 
-8  7  -9  8  -7  9  
V2small 
 -7  9  -8  7  -9  8 
-6 5 5 -4 -4 6 6 -5 -5 4 4 -6 
V3large 
4 -6 -6 5 5 -4 -4 6 6 -5 -5 4 
5  -4  6  -5  4  -6  
V3small 
 4  -6  5  -4  6  -5 
3 -2 -2 1 1 -3 -3 2 2 -1 -1 3 
V4large 
-1 3 3 -2 -2 1 1 -3 -3 2 2 -1 
-2  1  -3  2  -1  3  
V4small 
 -1  3  -2  1  -3  -2 
-9 8 8 -7 -7 9 9 -8 -8 7 7 -9 
V5large 
7 -9 -9 8 8 -7 -7 9 9 -8 -8 7 
8  -7  9  -8  7  -9  
V5small 
 7  -9  8  -7  9  -8 
6 -5 -5 4 4 -6 -6 5 5 -4 -4 6 
V6large 
-4 6 6 -5 -5 4 4 -6 -6 5 5 -4 
-5  4  -6  5  -4  6  
V6small 
 -4  6  -5  4  -6  5 
 
V.  RESULTS 
In order to verify both, steady state and transient be-
havior of the novel DTC scheme, some simulations have 
been carried out.  
The sampling period used is 35 µs and the IM has the 
following parameters:  
  V=380 / 50 Hz.  Rs=4.3 Ω.  Rr=5.05 Ω. 
  Ls=320 mH.  Lr=320 mH.  P=2. 
 
A. Steady state 
The steady-state behavior has been tested at 1000 r.p.m. 
motor speed. The references for stator flux and torque are 
ψs*=0.8 Wb (rated flux) and Te* =6.7 Nm (rated torque) re-
spectively.  
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Fig. 9 and 10 show the proper control of the stator flux 
which is kept within the reference value. Fig. 11 shows the 
torque response of the IM. It can be observed how the am-
plitude of the torque ripple is kept under 0.5 Nm.  
 
Fig. 9. Stator flux trajectory at 1000 r.p.m., 6.7 Nm. 
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Fig. 10. Stator flux magnitude at 1000 r.p.m. and 6.7 Nm. 
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Fig. 11. Electromagnetic torque at 1000 r.p.m. and 6.7 Nm. 
 
0.0796 0.0797 0.0798 0.0799 0.08 0.0801 0.0802 0.0803 0.0804 0.0805
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
7
7.1
7.2
Time (s)
T
o
rq
u
e
 (
N
m
)
Small
vector
applied
Zero
vector
applied
Medium
torque
slope
Low
torque
slope
Upper torque band
Lower torque band
-Upper torque band
-Lower torque band
 
Fig. 12. Torque response when small voltage vectors are   ap-
plied. The torque ripple is kept under the lower torque             
hysterisis bands 
Fig. 12 is a zoom of Fig.11 which shows how the torque 
ripple is reduced whenever a small vector is applied and 
consequently the torque ripple is kept under the lower torque 
hystersis band. It can also be observed the use of zero vec-
tors and how the back EMF makes the torque slope negative.  
Fig. 12 proves the great contribution of using small voltage 
vectors to reduce the torque ripple. On the contrary, Fig. 13 
shows the torque response when large voltage vectors are 
chosen. Under these circumstances the torque slope is higher 
and the torque ripple increases up to the upper torque hys-
terisis bands.  
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Fig. 13. Torque response when large voltage vectors are    ap-
plied. The torque ripple increases up to the upper torque                
hysterisis bands 
 
B.Transient state 
The transient behavior has been tested at 1000 r.p.m. 
motor speed during a torque step reverse from 6.7 Nm to 
–6.7 Nm. The reference for stator flux is ψs* =0.8 Wb.  
Fig. 14 shows how the stator flux is correctly controlled.  
In Fig. 15 the torque transient is clearly illustrated. Fig. 16 is 
a zoom of Fig. 15 which proves how the use of small vec-
tors, even when the IM works as a generator, reduces the 
torque ripple. Finally, Fig. 17 illustrates the stator current of 
the IM and how it changes when working as a generator. 
Further work is being done in order to study the correct 
control of the input power factor and experimental results 
are being carried out as well.  
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Fig. 14. Stator flux response when a torque step reverse from 
6.7 Nm to –6.7 Nm at 1000r.p.m is applied. 
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Fig. 15. Electromagnetic torque during the step change from 
6.7 Nm to –6.7 Nm at 1000r.p.m. 
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Fig. 16. Torque response when the IM works as a generator. It 
can be observed how the system uses small vectors and the  
ripple is constrained within the lower hysterisis bands 
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Fig. 17. Stator current during a torque step from 6.7 Nm  
to –6.7 Nm at a 1000r.p.m. 
VI. CONCLUSIONS 
This paper introduces a novel Direct Torque Control 
with Matrix Converters which uses not only the largest input 
voltages but also the small ones to reduce the torque ripple. 
The torque error hysteresis comparator is modified in 
order to distinguish between large and small positive and 
negative torque errors. The Look up table is also designed 
for the small and large torque increments. The number of 
output sectors is increased to 12. As a result the Look up 
table is improved since it uses much more Matrix Converter 
voltage space vectors. 
Simulation results are presented which shows good 
torque and flux performance in both steady and transient 
states. These results show that the torque ripple is clearly 
reduced when using the short Matrix Converter voltage 
space vectors. 
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Abstract - A sensorless Direct Torque Control (DTC) of a Permanent
Magnet Synchronous Motor (PMSM) drive using a high frequency hf voltage
injection technique without compromising the simplicity of the original DTC
algorithm, is proposed in this paper. A new hf injection algorithm, in which
the hf carrier is introduced by the direct modification of the fundamental
voltage vectors of a Matrix Converter (MC), is developed and explained in
detail. The position signal is then obtained from the direct demodulation of
the resulting hf currents. Experimental results showing the effectiveness of
the proposed method are shown.
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Abstract - The common mode voltage at the output of matrix converters
is firstly analyzed in this paper. An approach to reduce it, when a direct
torque control scheme is employed to drive a permanent magnet synchronous
motor, is then proposed. Simulation results are shown to demonstrate the
theoretical background. Experimental results corroborating the effectiveness
of the proposed method are also shown.
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Abstract— The common mode voltage at the output of matrix
converters is firstly analyzed in this paper. An approach to
reduce it, when a direct torque control scheme is employed to
drive a permanent magnet synchronous motor, is then proposed.
Simulation results are shown to demonstrate the theoretical
background. Experimental results corroborating the effectiveness
of the proposed method are also shown.
I. INTRODUCTION
Direct Torque Control (DTC) has emerged over the last
decade to become an attractive alternative to the well-known
Field Oriented Control (FOC). Its main characteristic is a
very good performance, obtaining results as good as the
classical vector control but with several advantages based on
its simpler structure and control diagram. Recently Matrix
Converters (MC) have received considerable attention as they
are becoming a good alternative to the VSI. Among other
advantages, input and output sinusoidal waveforms with con-
trollable input power factor and a very compact design are
the most relevant advantages of such converters [1]. In [2]
(hereinafter the classical method) the use of MC to implement
a DTC of an Induction Motor (IM) was introduced, and a
look up table for the MC was developed. This DTC approach
not only implements the DTC but also keeps the input power
factor close to one. In [3] and [4] a novel DTC using not only
the large vectors but also the uncommonly used small ones
were introduced for induction motors and PMSM respectively,
achieving better performance regarding the torque ripple.
It is known that one of the main sources of early motor
winding failure and bearing deterioration is the Common
Mode Voltage (CMV) produced by modern power converters.
Moreover, high frequency components and large amplitudes of
the CMV at the motor neutral point have been shown to gen-
erate high frequency currents to the ground path and induced
shaft voltage [5]. Several methods to reduce the CMV have
been proposed in the literature [6], however, these methods
seem to be limited to three-phase Pulse Width Modulation
(PWM) rectifier-inverter systems. In [7], a new modulation
strategy of the converter which reduces the CMV at the
output of the MC is presented. Based on the Indirect Space
Vector Modulation (ISVM) technique, the method selects a
medium value phase voltage as a zero vector and places it
in the center or on the both sides of sampling the period
without changing the active voltage vectors. The harmonic
content of the input current is also reduced. However, these
advantages are achieved at the expense of deteriorating the
output harmonic content.
This paper presents an approach to reduce the CMV in a DTC-
PMSM drive using Matrix Converters without compromising
the simplicity of the drive. Simulation and experimental results
demonstrating the advantages of the method are shown.
II. MATRIX CONVERTERS
A MC is an AC-AC converter, with m × n bidirectional
switches, which connects an m-phase voltage source to an n-
phase load. The most widely used configuration is the three-
phase, 3 × 3 switches, MC shown in Fig. 1. It connects a
three-phase voltage source to a three-phase load. In the MC
shown in Fig. 1, vSi, where i = A,B,C, are the phase
source voltages, iSi are the phase source currents, vjN , where
j = a, b, c are the load voltages, ij are the load currents, vi
are the MC input voltages and ii are the input currents. A
switch, Sij can connect input phase i to the output phase j of
the load. With a suitable switching strategy, arbitrary voltages
vjN at an arbitrary frequency can be synthesized. Switches are
characterized by the following equation:
Sij =
{
0 if switch Sij is open
1 if switch Sij is closed
(1)
The permitted switching states of a 3 × 3 MC are shown
in table I, and have been classified in groups. The first
three groups containing the states (±1, ±2, ±3), (±4, ±5,
±6), and(±7, ±8, ±9), produces active vectors of variable
amplitude, depending on the line-to-neutral voltage, but at
stationary position (pulsating vectors). States 0a, 0b and 0c,
corresponding to group 4, connecting all the output lines to
the same input line, are the corresponding zero vectors. The
last six states (group 5), providing a direct connection of each
output line to a different input line, are the rotating vectors.
A. Common Mode Voltage in Matrix Converters
Fig. 1 shows a MC connected to a PMSM where the
impedance Zcm represents the leakage current (icm) path
Fig. 1. 3× 3 Matrix Converter.
between the machine’s neutral point (n) and ground (N ). The
CMV (vcm) is defined as the voltage between these two points:
vcm = vnN (2)
Taking into consideration the CMV vcm, the voltage expres-
sions of the PMSM can be written as:
vaN − vcm = Rsia + Ls
dia
dt
+
d
dt
ψa (3)
v
bN
− vcm = Rsib + Ls dib
dt
+
d
dt
ψb (4)
v
cN
− vcm = Rsic + Ls dic
dt
+
d
dt
ψc (5)
where vaN , vbN , and vcN are the MC output voltages with
respect to ground. Rs and Ls are the resistance and inductance
at each phase of the PMSM. Since icm ≈ 0, it can be assumed
that ia + ib + ic ≈ 0. Assuming a balanced induced voltage
system ψa+ψb+ψc ≈ 0, the CMV can be found adding (3),
(4) and (5):
vcm =
v
aN
+ v
bN
+ v
cN
3
(6)
As it can be seen in table I, when active vectors are selected
in a MC, there are two output phases connected to the same
input phase. Thus, the CMV when active vectors are delivered
by a MC vacm can be written as:
vacm =
vi + 2vj
3
(7)
where i and j represents the two input phases involved
when an active vector is present at the output of the MC.
In a MC, the input filter is designed in such a way that the
phase voltages vA, vB , and vC can be considered equal to the
TABLE I
VOLTAGE AND CURRENT VECTORS OF A 3× 3 MC
MC State On Devices vo αo ii βi
+1 SAa SBb SBc 2/3vAB 0 2/
√
3ia −pi/6
−1 SBa SAb SAc −2/3vAB 0 −2/
√
3ia −pi/6
+2 SBa SCb SCc 2/3vBC 0 2/
√
3ia pi/2
−2 SCa SBb SBc −2/3vBC 0 −2/
√
3ia pi/2
+3 SCa SAb SAc 2/3vCA 0 2/
√
3ia 7pi/6
−3 SAa SCb SCc −2/3vCA 0 −2/
√
3ia 7pi/6
+4 SBa SAb SBc 2/3vAB 2pi/3 2/
√
3ib −pi/6
−4 SAa SBb SAc −2/3vAB 2pi/3 −2/
√
3ib −pi/6
+5 SCa SBb SCc 2/3vBC 2pi/3 2/
√
3ib pi/2
−5 SBa SCb SBc −2/3vBC 2pi/3 −2/
√
3ib pi/2
+6 SAa SCb SAc 2/3vCA 2pi/3 2/
√
3ib 7pi/6
−6 SCa SAb SCc −2/3vCA 2pi/3 −2/
√
3ib 7pi/6
+7 SBa SBb SAc 2/3vAB 4pi/3 2/
√
3ic −pi/6
−7 SAa SAb SBc −2/3vAB 4pi/3 −2/
√
3ic −pi/6
+8 SCa SCb SBc 2/3vBC 4pi/3 2/
√
3ic pi/2
−8 SBa SBb SCc −2/3vBC 4pi/3 −2/
√
3ic pi/2
+9 SAa SAb SCc 2/3vCA 4pi/3 2/
√
3ic 7pi/6
−9 SCa SCb SAc −2/3vCA 4pi/3 −2/
√
3ic 7pi/6
0a SAa SAb SAc 0 . . . 0 . . .
0b SBa SBb SBc 0 . . . 0 . . .
0c SCa SCb SCc 0 . . . 0 . . .
+10 SAa SBb SCc vimax αi iomax βi
−10 SAa SCb SBc vimax −αi iomax −βi
+11 SCa SAb SBc vimax αi + 2pi/3 iomax βi + 2pi/3
−11 SBa SAb SCc vimax −αi − 2pi/3 iomax −βi − 2pi/3
+12 SBa SCb SAc vimax αi + 4pi/3 iomax βi + 4pi/3
−12 SCa SBb SAc vimax −αi − 4pi/3 iomax −βi − 4pi/3
phase voltages of the mains vSA, vSB , and vSC respectively
[8]. Assuming a balanced voltage system at the mains and,
hence, at the input side of the MC,
v
SA
= vA = Vp sin (ωt) (8)
vSB = vB = Vp sin (ωt−
2pi
3
) (9)
v
SC
= vC = Vp sin (ωt+
2pi
3
) (10)
where Vp is the voltage peak value per phase, (7) can be
written as:
vacm =
1
3
Vp sin (ωt) +
2
3
Vp sin (ωt± 2pi3 ) (11)
Rearranging (11), a simpler form of vacm can be obtained:
vacm =
1√
3
Vp sin (ωt± pi2 ) (12)
Equation (12) states that the instantaneous value of the
CMV when any active vector is delivered by the MC vacm,
depends on the instantaneous value of the input voltages
selected to deliver such vector. The maximum instantaneous
value of the CMV when active vectors are delivered by the
MC vacm will be:
vacmmax = ±
1√
3
Vp (13)
This value will be reached every ±kpi radians.
The contribution to the CMV of each active vector is
shown in Fig. 2. The frequency of voltages vSA, vSB , and
vSC is 50Hz. In every input voltage period (T = 0.02s), a
different output vector is delivered by the MC (+1 . . . + 9 ;
−1 . . . − 9). It can be noted that, for every active vector, the
CMV is at its maximum value, ± 1√
3
Vp, every kpi radians.
Fig. 2. Common mode voltage when active vectors are delivered by a MC.
When a zero vector is selected in a MC, the three output
phases are connected to the same input phase. Thus, when a
zero vector is delivered by a MC, the CMV vzcm will follow
the selected input voltage:
vzcm = vi (14)
where i represents the selected input phase.
Since vi = Vp sin (wt± φ), the maximum CMV vzcm when a
zero is selected will be:
vzcmmax = ±Vp (15)
Fig. 3 shows the contribution to the CMV of each zero
vector (a different zero vector is selected in every input voltage
period T = 0.02s). As it can be seen, the CMV follows the
selected phase to deliver the zero vector, being the maximum
CMV equal to the peak value of that phase.
Fig. 3. Contribution of zero vectors to the common mode voltage.
III. REDUCTION OF THE COMMON MODE VOLTAGE
In a DTC scheme, when the actual electromagnetic torque
is within the corresponding comparator hysteresis bands, a
zero vector is usually selected. Since the MC can deliver three
different zero vectors, in [2], the zero vector which minimizes
the number of commutations is selected. However, this criteria
to select zero vectors will not ensure the minimization of
the converter switching during the operation of the drive. In
fact, since the next active vector (after the zero vector) is not
known at the moment of selecting the zero vector, this criteria
could also contribute to increase the number of commutations
over time.
As it has been shown in the previous section, the maximum
CMV is achieved when the input phase vi, selected to deliver
a zero vector, is at its peak value ±Vp. Since the MC can
deliver three different zero vectors 0a, 0b and 0c (see table I),
a reduction of the CMV can be achieved by proper selection
of the zero vector. When any input phase voltage is at its
positive or negative peak value ±Vp, the other two will be at
± 12Vp. Hence, the maximum CMV can be reduced to ± 12Vp
if the input phase voltage with minimum absolute value is
selected to deliver a zero vector. In Fig. 4, the contribution
to the CMV of zero vectors, when the input phase with
minimum absolute value is selected to deliver a zero vector,
is shown.
Fig. 4. Contribution to the common mode voltage of zero vectors selecting
the phase voltage with minimum absolute value.
Fig. 5 shows the simplicity of the zero vector selector
method to reduce the CMV. When a zero vector has to be
selected by the DTC algorithm, the system computes the
absolute value of every input phase and selects the one with the
minimum value. The selected phase will be the one connected
to all the output phases to deliver the zero vector.
As it has been mentioned, in [3] and [4], the use of small
vectors of the MC are used in order to reduce the torque ripple.
At low and medium speeds, small vectors are selected very
often. Since the CMV depends on the input phases involved
in the selected vector, as stated in (11), these vectors will also
contribute to reduce the CMV RMS value.
IV. SIMULATION RESULTS
The proposed method to reduce the CMV is analyzed and
compared with the classical DTC using MC proposed in [2]
Fig. 5. Zero vector selector.
TABLE II
PMSM PARAMETERS.
Output power 200 W Rated current 2 A
Voltage 100 V Lsd per phase 8.3 mH
Pole pairs 4 Lsq per phase 8.6 mH
Torque 0.64 Nm Rated speed 3000 rpm
Stator resistance 2.5 Ω Maximum speed 4500 rpm
in which the reduction of the number of switching is used as
the criteria to select zero vectors.
The parameters of the PMSM employed in the tests are shown
in table II.
The simulation analysis has been carried out by means of the
MatLab/Simulink package with the DTC having the following
settings:
• Torque reference, T ∗e = 0.64 Nm (rated torque)
• Flux reference, |ψs∗| =
√[
ψ2PM +
(
2
3
T∗e Lsq
pψPM
)2]
• Torque hysteresis bands, BTe = ±0.015 Nm
• Flux hysteresis bands, Bψs = ±0.0006 Wb
• Speed, 500 rpm
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Fig. 6. Common mode voltage and its spectrum. Classical method.
Fig. 6 shows the vcm when the classical DTC using MC is
used to drive the PMSM. The maximum CMV value vcmmax
reaches ±100V , corresponding to the input phase negative
and positive peak values. This happens when an input phase
TABLE III
SIMULATION RESULTS.
vcmmax vcmRMS
Classical method 100 V 42.61 V
Proposed method 57.7 V 31.8 V
crossing its peak value is selected to deliver a zero vector.
When the proposed method is used under the same con-
ditions, the maximum CMV value is reduced to ±57.7V , as
shown in Fig. 7, corresponding to ±1/√3 of the input phase
peak value when active vectors are selected.
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Fig. 7. Common mode voltage and its spectrum. Proposed method.
Comparing Fig. 6 and Fig. 7, it is noted that the proposed
method shows a better harmonic spectrum of vcm, not only
by decreasing the amplitude of the CMV but also the number
of harmonics.
Table III shows the maximum CMV value and its RMS
value, summarizing the performance of both methods. The
proposed method shows a better performance regarding the
maximum CMV and its RMS value, reducing them by 42.3%
and 25.4% respectively.
V. EXPERIMENTAL RESULTS
In order to validate the theoretical and simulation analysis,
experimental tests has been carried out employing the rig
shown in Fig. 8. The PMSM has been coupled to an hysteresis
break which has been set to give a constant torque. The PMSM
is torque controlled by means of the DTC algorithm, whose
settings are the same as those used in the simulation tests.
The vcm when the classical DTC using MC is employed
to drive the PMSM is shown in Fig. 9. It can be seen that
the maximum CMV vcmmax reaches ±100V corroborating the
results shown in the simulation analysis. As in the classical
method, the criteria to select zero vectors is to minimize the
number of the converter switching, the CMV vcmmax will
Fig. 8. Experimental rig.
coincide with the peak value Vp of the input phase selected to
deliver a zero vector.
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Fig. 9. Common mode voltage and its spectrum. Classical method.
Fig. 10 shows the CMV vcm when the proposed method
is used. Now, the maximum value of the CMV vcmmax
coincides with the CMV maximum value when active vectors
are delivered by the MC vacmmax . Thus, vcmmax = v
a
cmmax =± 1√
3
Vp = ±57.7V as stated in (13).
The effects of a reduction in the CMV will be reflected in
a reduction of the motor winding failure and degradation of
its bearings [6]. Moreover, comparing the harmonic spectrum
of the vcm shown in Fig. 9 and Fig. 10, it can be said that the
better performance shown by the proposed method will reduce
the motor shaft induced voltage. Hence, it can be concluded
that all these effects will, eventually, contribute to extend the
motor’s operational life.
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Fig. 10. Common mode voltage and its spectrum. Proposed method.
TABLE IV
EXPERIMENTAL RESULTS.
vcmmax vcmRMS
Classical method 100 V 46.42 V
Proposed method 57.7 V 37.47 V
Finally, the comparison of both methods is summarized in
table IV. As it can be seen, a reduction of 42.3% and 19.3%
in the vcmmax and vcmRMS respectively is achieved when the
proposed method is used.
VI. CONCLUSION
The CMV in MC has been analyzed in this work. A new
strategy to select zero vectors in a DTC-PMSM drive which
reduces the CMV has been presented. The proposed method
has been shown to suppress the maximum CMV corresponding
to the peak value of the input phase selected to deliver a zero
vector. This has been achieved by selecting an input phase with
medium voltage as a zero vector. The harmonic spectrum of
the CMV is also improved with the proposed method.
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